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I C. 1 HEAT  PLPE  ANALYSIS AND DESIGN CODE USER'S  MANUAL 

- !  

," I 

c. 1.1 Introduction 

This section  describes  the  utilization of a  digital  computer  code for Heat 

Pipe  Analysis and  Design (HPAD). Basically, HPAD cslcdates the steody-state, 

hydrodynamic  heat  transport  capability of a heat  pipe  with  a  particular wick corlfigu- 

ration and  working  fluid M a function of wick crc!is-sectlondl  area. Heat load,  orien- 

tation,  operating  temperature; and heat  pipe  geometry a re  specified. Bo'& one "g" 

and zero lqgt environments a re  considered. At the  User's option, the code will also 

perform  a  weight  analysis and calculate  heat  pipe  temperature  drops.  Each ol" the 

following wick configurations whose cross-sections are shown in Figure C.l-1 can be 

analyzed  using HPAD. 

0 Central  Porous  Slab 

0 Circumfere, ..l-J. Porous Wick 

0 Arterial Wick 

o Annular Wick 

0 A x i a l  Rectuangular Grooves 

Both the  composite and homogeneous  modes of operation can be evaluated for the  first 

three wick types.  The  analysis and formulation of the equations  used  in t h ~  progrem 

a re  presented  in  Section C. 1.2. The  basic  closed-form  sclution  for  heat  transport 

capability is presented, and the wick properties and self-priming  requirements  are 

established  for  each of the wick  configurations. A weight  analysis and a heat  transfer 

model are also developed. This  section  concludes with the Method of Solution and 

User's options. 

The  program input  requirements are described in Section C. 1.3.2, and 

the  output  formata are described in Section C. 1.3.3. Nomenclature is lieted  at  the 

end of Section C. 1.3. The flow diagrams,  program  listings, and sample  problems 

are presented in the  Appendices. . A listing of FORTRAN names  with  eagineering 

quantities is also  presented a8 an Appendix. 

c. 1-1 
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Figure C.l-I.  Heat Pipe WiGk Configurations " *  
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b.Circumferentia1 Porous Slab c.  Arterial Wick 
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c. I. 2 Analysis 

C. 1.2.1 Hcrt  Transport  Capability 

. The analysis to  determine  the  heat  transport  capability of a hest  pipe con- 

siders Goth capillary pumping  and sonic  vapor  limits.  Closed form solutions are used 

to predict  the  steady-state  heat  transport as a fwction of  wick area iil the  case of the 

capillary pumping limit  or  the minimum  vapor area f w  the sonic vapor  limit.  The 

analysis is performed  for  the  conventional  one-dimemional  heat  pipe shown in Figure 

C. 1-2. The following assumptions apply: 

0 Uniform heat  addition and removal at a singie evaporator ma 

condenser  section. 

0 Uniform wick properties and circular  cross-section over the 

entire length. 

0 Momentum effects are negiigible. 

C. 1.2.1.1 Capillary Pumping Limit 

The  closed-form  solution for the  hydrodynamic  heat t r a n s p r t  capability 

as determined'by  the  cspill3ry pumping limit  can  be  derived as: 

c. 1-1 

Although the  individual terms  have been  discussed  previously they will  be  repeated 

here for easy  reference. 

1. The  parameter r) is defined as the ratio of the  sum of all pressure 

differences  due to body forces  to  the  available  capillary  pressure, 

1. e., 

r D COSB r h  
q =  - +A 

2 H COS e 2 H COS 8 - c.1-2 

where H, the  wicking  height  factor, is a property of the  working 

C. 1-3 
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Uniform Heat Flux at 

Evaporator and  Condenser 

h ' < O  for p > < O  

Figure C. 1-2. Conventional Heat Pipe 

C. 1-4 
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fluid and is defined as: 

2. The  parameter F represents  the  ratio of the flow pressure  drop  in 1 'i B 

i 
the  liquid  to the sun of the flow pressure  drops in liquid  and  vapor. . . !  

A R 1 
F =  I 

" - 
1 APpl+APv 32K Aw 

1 +  +-  "V 
C. 1-4 

turbulent. 

where  the  factor d depends on whether  the  vapor flow is laminar or 
i 
I, 

1 , ReV I 2200 

0.0031 (ReV) , ReV > 2200 I 0.75 

with 

Re = (  cc ) v  
P V D  

V 

c. 1-5 
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The  turbulence  coefficient (0.0031) has  been  adjusted so that the 

total  vapor  pressure  drop neglecting  momentum  effect i s  equal for I 

the laninar  and turbulence  at  Re = 2200. This assumption gives i 
a smooth transition  from  laminar flow to turbulence. The maximum 

deviation  resulting  from  the above assumption is about 10%. 

t .  

i 

Y ! 

3. The Liquid 'Transpcrt  Factor N is defined as: 1 
. f  

i 
i 
i 

P p  x 
I 

N = -  C. 1-7 
' 1  b1 ! 

4. The  parameter Leff is the  effectlve  tramp&  length  defined'as: i 
C. 1-5 
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Le + - " 
- . 2  + La C. 1-8 

5. The  parameters K, r p' Dh,v' Aw' and A are the  permeability, v .  
effective pumping radius,  vapor  hydraulic  diameter, and the wick 

and vapor  cross-sectional areas, respectively.  These  parameters 

are defined by the  type cf wick material and  wick  geometry  employed. 

Homogeneous  and composite  type  wicks are treated by determining 

the  appropriate  values of permeability  and  pumping  radius  to be used 

in Equations C. 1-1 and C .  1-2. EquivPlent  wick propertiep  for dif- 

ferent wick geometries are discussed in a later section. 

Once the  properties of the wick and  working fluid have  been  determined, 

Equation C. 1-1 is used  to  chcrllate  the  maximum  heat (%) that  can  be  transported 

without  exceeding  the  capillary !imit. When the  vapor flow is laminar,  Eqaation 

C. 1-1 can be solved  explicitly for  either 6 L o r  $. When the flow is turbulent, 

Equation C. 1-1 becomes  an  implicit  relation  for 6 In this case, the Newton-Raphson 

Method is used to calculate the maximum  heat  transport. 

t eff 

t' 

The  heat  transport  capability is calculated  for  both zero ttg' and  one ' lg" 

environments by setting r) equal  to  zero  for  the  former and calculating v (Equation 

C. 1-2) for a specified  elevation h (equal to -h) in the latter. The variation of heat 

transport  with'eaaporator  elevation  (d4/dhe) is also calculated for  the one " g l  lami- 

nar case from: 

e 

dGt Aw F1 N1 

&e 
- = -  c. 1-9 

In order  that a particular wick performs to its full  capacity in a gra7ity 

:'teld, it  must  be  capable of complete  self-priming. At a minimum,  this  requires f :  

that in the static condition  and at the  specified  orientation the capillary  pumping  avail- ! 

able  during p r k i n g  must  be sufficient to  overcome any adverse body forces.  Thus, ! 

for a fully saturattd wick, the  gravity  hsad  required fGr self-priming  becomes: 

f 

I 
, I .  ' i 

! 

h = h  + D  
req e c-1-10 , .  

c. 1-6 
. .  . .  . .  
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In the  analysis,  the  self-priming  capability of a particular wick is determined  from: 

c. 1-11 

where r = effective pumping radius  during filling. Thus, in order to  have a fully 

saturated wick: 
P I  SP 

c. 1-12 

This program wlll  calculate  the  heat  transport  capability for only those wick geome- 

tr ies which satisIy  the  self-priming  requirement (1. e., Equation C. 1-12). As an 

example,  consider  the case of an arterial wick (Figure C. 1-1C) adjacent  to  the tube 

wall  (h = 0) .  The self-primiug  requirement  for a horizontal  heat  pipe with L!is wick 

is: 
P 

h = Da !-eq 

During priming  the  effective pumping radius is: 

therefore: 

C. 1-13 

c. 1-14 

C. 1-15 

The  code  will  therefore  perform the heat  transport analysis for  increasing  values of 

artery  diameter  until  either: 

C. 1-1 G 

or the sonic vapm limit or the maximum  allowable vapor temperature  drop is exceeded. 

C. 1-7 
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C. 1.. 2.1.2 Sonic  Vapor Limit 

Generally,  the  heat  transport  capability of a heat  pipe will be  determined 

by the  capillary pumping limit;  however,  in  those  cases  where  the working  fluid is at 

a low vapor pressure,  the  sonic  vapor  limit could become  dominant.  The  minimum 

allowable  vapor area that  can  exist without incuiring  &e  sonic  vapor  limit  is  calcu- 

lated  from: 

C. 1-17. 

When performing  the  heat  transport  analysis for a specified wick coafiguralion,  the 

transport  capability  calculated  from  Equation C. 1-1 ie a function of increasing wick 

(i. e., liquid) area until  the  wick becones so this that  the  vapor flow area is reduced 

to  the point where  the  sonic  vapor lim-it is reached.  The  heat  transport  portion of the 

analysis is then  terminated.  The  analysis is alsc  termimteu if the wick is no longer 

self-priming or the  vapor  temperature  drop  exceeds a specified  value (see Section 

c. 1.2.2). 

C. 1.2.2 Wick Properties 

The  heat  transport  capability of any of the  five wick geometries shown in 

Figure C. 1-1 can  be  determined wing HPAD. Both homogeneous and composite modes 

of operation can be  evaluated  for the first  three  geometries.  The  circumferential  dis- 

tribution of the  liquid is neglected  for  the  central slab and artery designs. The  heat 

transport  czprAility is determined  using  the  equations  developed  in  the  preceding 

section.  Since  these  equations a re  general,  equivalent wick properties  must.be  de- 

rived for the. specific wick designs and operational  modes. In particular,  equivalent 

properties  must  be  determined for the following: 

K = Permeability - This is either input as  a material  property; 

or, in  the  case of the  arterial,  annular, and  groove ge,m- 

etrle8,  it is calculated  consistent  with  the  appropriate  f?ic- 

tion factor and *e hydraulic  diameter of the  liquid- (DhJ. 

C.1-8 . 



= D2h, 1 
2f  Re C. 1-16 

' Da.1 = Liquid  hydraulic  diameter - This parameter is defined as: 

4 A  
" 

1 
Dh,l - Pw c. 1-19 

D = Vapor hydraulic  diameter - l W s  is defined  analogous  to Dh, 1. h, v 

r = Effecthe pumping radius - This is input as a property of the 

wick mciririal o r  calculated from the wick geometry. 
P 

H = Static  elevatim  head that must  be  supported  in  one 'lg' envi- 
*eq. 

ronment if the wick is to be self-priming.  This is calculated 

based on wick geometry. 

r = Pumping  Radius for self-priming. 
P, SP 

The equivalent  wick  properties are listed in Table C. 1-1 for the  various ~4": gtom- 

etries. 

A weight  analysis  subroutine  which  can  be  employed  at  the  user's  option . 
ie included in thie program.  The  weight  analysis  is,based on coutainment of the in- 

ternal  presdure of the  working  fluid  at a speciiied max:aum temperature.  The in- 

ternal  pressure is input as the  saturated vapor presswe when the maxiraum temper- 

ature is less than  the  critical  temperature. For temperatures exceedir.;: the  critical 

temperature of the working  fluid, the internal  pressure ig calculated fr ,m either  the 

Ideal Gao Law or the  Beattie-Bridgman  Equation depenCing  on  which is indicated in 

the inpnt. 

i. 

For an Ideal Gas: 

. .  

P =  
vt 

c. 1-9 

c. 1-20 
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Table C.1-lo Eauivalent Wick ImcIcrs 
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'X 1: , where "m" is the  total fluid inventory  required at the  operating  temperature,  and "V;' 
?--I,, 

. ;: i .j r ' is 'the  total  internal void  volume. 
5 I '  

F 
t. . 
5 m = m   + m  1 v  c. 1-21 

6 
8 
i 
f 

m = P, Vv =pv Av L 
V 

. .  
b : 

. L  When the  Beattie-Bridgman  Equation is used: i 

where  ''vrr is the  specific  volume 

I vt y =  - 
m 

and 

A = A. (1 - - )  
a 
V 

c. 1-22 

C. 1-23 

C. 1-24 

C. 1-25 

C. 1-26 

B = B (1") b C. 1-27 
0 'I 

c. 1-28 

Ao, a, B , b, and c are constants for ?%e particular working  fluid,  which  must be ic- 

put when the  Beattie-Bridgman  Equation is  required.  These  constants  must be input 

consistent  with the following  dimensions: pressure in atmospheres,  volume in liters/ 

gm mole,  temgerat.ure in degrees K, and R = 0.08206 atm-liters/gm-mole-%.  These 

are the  units  generclly fomd in the literature. 

0 

c. 1-11 

L 

. .  



The weight analysis is performed  for a single  tube wall thickncss which is 

the  larger of the  specificd wall  thickness o r  the  minimum  wall  thickness  required  to 

contain  the  pressure with a specified  safety  factor (S). The weight analysis  can also 

be performed  parametrically as a function of the radius of a spherical  storagc volume. 

This volume would be  attached  to  the  heat  pipe  to  reduce  containment  pressurcs and 

subsequently  the  system weight. The spherical volume shown in Fiyre  C. 1-3 is used 

strictly for containnlant  purposes and should not be confused with  the  storage reser- 

voir  used  in  gas-concrolled  heat  pipes. A spherical  volume is used to simplify  the 

analysis; and, although it is impractical  because of its  fabricability, this model does 

give a good indicntiorr of the  size ofa  cylindrical  rcservoir  required to minimize  the 

system weight. The wall  thicknesses  required  to  contain  the  pressure a re  determined 

from: 

t =  pRS 
dY 

Rst 
2 dy d =  

The total internal  volume of the 

c. 1-29 

system is: 

C. 1-30 

v = v + v   + v  t 1 v s t f V w  

Vt = (VR - (1 - t') Aw) L + 5 TI Rst3 2 4 

The  total weight of the system is calculated as: 

m = m t m  + t w %p+ mst 

where 

m = ( p  A)w L 
W 

C. 1-31 

C. 1-32 

C. 1-23 

C. 1-34 

c. 1-35 
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Figure C. 1-3. Heat Pipes with Spherical Pressure Containmcnt Vessel 

C. 1-13 



c.  1-37 
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c. 1-i.r 
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rvopor Space rWick 

c. 1-15 



1 R =  
e he Aint,e 

1 R =  
hc c 

I C. 1-40 

c. 1-91 

C. 1-42 

C. 1-45 

C. 1-46 

As mentioned previously,  the  beat tramport  analysis will be  terminated if the  vapor 

temperature  drop A TV  exceeds  a  specified maximum  value. 

C. 1-16 

The internal  areas used in the above  equations a re  the actual  heat  transfer.  areas as- 

sociated with the  particular wick geometry.  12eat.transfer  coefficients  for the slab, 

arterial, and grooved  wicks a re  input for the evaporator and condenser sections. For 

the  case of the  annular or circumferential  wicks, the film  coefficients  2re  calculated 

from: 

C.'1-43 

where  the  conductivities a re  specified input  values.  Individual  tempercture  drops a re  

calculated from: 

ATi = 'Ri Q 

and the  oversdl  temperature  drop Is calculated as: 

AT = R ' Q  th I 

i 
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C. 1.2.5 . Analysis Sumrilmy 

1, .' The  fcntures of this  nndysis ana the  basic  assumptions  cmploycd  can  bc 

. summGrizcd as follows: 

- C. 1.2.5.1 Features . 

2. 

3. 

4. 

'. 5. 

6. 

7. 

8. 

*9., 

The heat  transport  capability (GL ) or maximum heat transport eff 

(Qnl, ) can bc calculated for five basic wick gcomctries. 

The  vapor flow may be  laminar o r  lurbulent. 

The  heat  transport  capability is detcrmined  for both onc? "g' and 

zero "g' environments. 

The  effcct of elevation on heat  transport is dctcrmincd. 

Both composite and homogencous  modes of operation can be anal- 

yzed for thc slab, circumferential, and nrferinl wick geometries. 

The m&<imurn heat  transport is calculated as 8 func!ion oi  wick 

thickness (or liquid flow area). For the asid groove geometry, 

U,c number o f  grooves, their width,  and the corrcsponding lnnd 

thickness is determined so that the mxximum heat trmsport  is 

realized  for a particular  aspect  ratio. In this caso, thc maxi- 

mum heat transport is c.2lculotcd as a functiou of groovc nspcct 

ratio. 

The  minimum  vapor area allowed without incurring thc sonic 

vapor  limit is cdculntcd. 

The  effective pumping radius required  for  self-priming is c.4- 

culated. 

The fluid inventory,  evaporator  and  coudeoser f i n 1  temperature 

* 
'I 

1 

! 

*When the axial groove  geometry is analyzed, the parameters of i!) and thc weight of 
(i) are calculated for those  aspect  ratios whosa cnlculated lieat trcwsport cscceds Lhc 
specified  rcquiremcnt. . 

C. 1-17 

I .  



* 10. 

11. 

12. 

drops and the  vapor  temperature  drop arc calculated  for  the  mini- 

mum wick thickness  necessary  to  meet a specified  heat  transport 

requirement. . 

An optional  weight  analysis  can  be  perfo,rmed io r  the  minimum wick 

thickness which satisfies the specified  heat  transport  requirement. 

This analysis  calculates the total  system weight consistent with 

containment of the  working Buid at a specified  maximum  tcmpera- 

ture. A spherical  storage volume may be employed for contain- 

melIc a: the  user's option. 

The wo:king fluid  can be  treated  as a saturated vapor, a red gas, 

o r  an  ideal gas (whichever is appropriate) at the maximum  temper- 

ature. 

The  heat  transport  analysis is terminsted  at either the  sonic  vapor 

limit or when the vapor  temperature  drop  exceeds a specified value. 

C. 1.2.5.2 Assumptions 

1. 

2. 

3. 

4. 

5. 

c. 

One-dimensional  axial fluid flow, i. e., radial  and/or  circumfer- 

ential  pressure  losses,   are negligible. 

Heat pipe  cross-section is circular and uniform  over the length 

of the  heat pipe. 

Wick cross-section is uniform  over  the  length of the  heat pipe. 

Fluid  and  material  properties are constant  over  the  length of the 

heat pipe. 

Uniform  heat  addition  and  removal. 

Axial heat conduction in  the  tube wall is negligible. 

*Whel, the  axial  groove  geometry is analyzed,  the  parameters of (i) and the weight of 
0) are czlculated for  those  aspect  ratios whose c;i!culated heat  tramsport  exceeds the 
specified  requirement. 

C. 1-18 
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I 7. . Vapor pressure  drop duc  to  gravity is negligible. 

S. . Momentum losses in the vapor are negligible. 

9. Liquid flow is  always  laminar. 

10. Nucleate  boiling  and  entrainment  limits are not considcred. 

These  assumptions are consistent  with  most  heat  pipe  analyses and are generally not 

prohibitive. The last three  assumptions  become  invalid when very high heat  loads 

o r  operation with a fluid at a low vapor  pressure are required. Thesc conditions a r e  

generally  encoultered  with  liquid  metals  at  -operating  tcmpcratures  substantially below 

their boiling  point.  and care should be  exercised when using  this  analysis  under  those 

circumstances. 

C. 1.3.0 Program  Description 

C. 1.3.1 General 

I 

. .  
. .  

A listing of the program is presented in Appendix A. The  program was 

written in FORTRAN V and was designed  to  operate on the UNIVAC 1106 system. The 

FORTRAN names and the  physical  quantities they represent  are listed in Appcndix B. 

Storage  rcqairemencs are on thc order of 50,000 words  (octal). 

The  program  logic  is  illustrated in the flow diagram  contained in Appeqilix 

C. Basic.dly,  the  program  reads the input data,  cr'culates equiv,alcnt wick propcrtirs, 

performs a heat  transport and thermal  analysis as a functim of wick thickness, per- 

forms a weight analysis if required, and  outputs  the  data. 

The deck setup as shown in Figure C. 1-5 ccinsists of job control  cards, 

the  program  sourcz  deck (which  may include a fluid  property  data  acquisition  code), 

additional  control cards followed  by the input data  and program termination  cards. 

As indicated  above,  the  program  has two major  cptions.  First, a fluid 

property  data  acquisition  code cail be  utilizcd in conjunction  with the IIPAD source 

program.  Tkis'eliminates the need for inputting thc various fluid properties at the 

specified  vapor  temperature as part of the  data deck. The  second  eption is the weight 

analysis.  Either  option is exercised by using  the  appropriate  integer in the  fourth : 

c. 1-19 
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Figure C. 1-5. Program Deck Setup 

! 

. .  

c. 1-20 ' 

I 
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input card of the  data  deck as described  in the next  section. 

C. 1.3.2 Input Description 

Table C .  1-2 describes  the  entries to be made on the  various input cards 

and indicates when each of the  optional cards are to  be excluded. The FORTRAN 

name,  format, and units  to be used are indicated  for  each  entry. A listing of sample 

input data  for a homogeneous  circumferential  wick and for  the  axial  groove wick is 

presented  in  Table C .  1-3 and C. 1-4. 

C. 1.3.3 Output nescription 

The  program  outputs  essentially all input  data. This is followed  by the 

heat  transpcrt  analysis.  The  self-primizlg  requirement and the  minimum  allowable 

vapor area (based on not  exceeding  the  sonic  limit) are printed. A table in  which the 

film and vapor  temperature  drops  and  the  calculated  heat  transport  performance 

parameters are listed as a function of wick thickness o r  groove  aspect  ratio is printed 

next. This  table is followed by a summary of the  parameters  associated with the  min- 

imum wick thickness o r  aspect ratio's which satisfy a specified  heat  transport  require- 

ment. If the  requirement cannot be satisfied by the  particular  design,  the  following 

statement will appear at the end of the  preceding  table: I'No Area Exists to Satisfy 

QMAX Requirement". LE a  weight analysis is requested,  the tube thickness  required 

for  containment and a weight  breakdown are listed  in  tabular  form  as a function of the 

wick storage volume  radius  for the minimum  thickness cr those aspect  ratios which 

satisfy  the  heat  transport  requirement.  This is then followed by a table which l ists  

the conduction temperature  drops and the syrtem's  temperature  drop as a  function 

of the  storage  volume  radius. A listing of typical output data is presented  in Appendix 

D with the  sample  problem. 

C.  1.3.4 Nomenclature 

The  nomenclature  used  in  the  Heat  Pipe  Analysis and Design Code section 

is given in the fo1lowing.tabulation.. 

! 

c. 1-21 



Table C. 1-2 Input  Data Descrjption .I- . r  .I 

Input 
Card 
No. Format 
" 

1 2A6 

2 5A6 

3 10A6 

4 613 

Fortran 
Name 

HD1 
HD2 

-3 
E134 
HD5 
€?Dl 2 

HD8 
HD7 
ED8 
HD9 
HDlO 
HDl 1 
HD13 
BD14 
HD1.5 
HD16 

MORE 

OPWT 

DA 'I'A 

O"O\V 

STATE 

FLUID 

Unit - 
Headings  (working  fluid) - 

Headings fieat pipe . Aterial) - 

Headings (type of wick) 

Control  Point,  integer (1 for  last set of - 
data,  otherwise  integer > 1  

Control  Point.  integer < 1 without weight - 
analysis,  otherwise  integer > 1 

Control  Point,  integer > I no data acquisi- - 
tion  code,  otherwise  integer < 1 

Control  Point, type of wick geometry - 
1 slab 
2 arterial 
3 annular 
4 circumferential 
5 axial  grooves 

Control  Point,  integer >1 use Beattie- - 
Bridgma:.! Equation,  integer < 1 use  Ideal 
Gas Law 

Control  Point,  type of working  fluid (DAC) . - 
c. 1-22 



! *  Input 
. Card  Foytran 

No..  Format Nnme - 
5 2F10.5 TEMP 

TMAX 

DT 

6 GE10.4 RHOL 

RHOV 

XLAMD 

SIGhL4 

miUL 

XMVV 

GAX MA 

8* 5E10.4 27 El PC 

9 E10.4 PHI 

10 GF10.5 QMAX 

PERF 

FSA FE 

HIGH 

Description 

Operating  temperature 

- Unit 

0 K 

Maximum system  temperature 

Maximum allowable  vapor  temperature 
drop 

Liquid  density . 

Vapor  density 

Latent  heat of vaporization 

Surface  tension 

OK I 
i 

i 
0 K 

kg/m3 

kg/m3 1 

i 
w-s/kg ! 

N/m I 

Dynakc  liquid  viscosity 

Dynamic vapor  viscosity 

Molecular weight of working fluid 

kg/m-s 

kg/m-s 

kg/mole 

Ratio of the sp?<ific heats 

Constants  for  Beattie-Bridgman Equation 
(pressure in atmosphere, volume in liter/ 
gm-mole,  temperature  in OK, R = O .  28206 
atm  Iiters/gm-rnole K) 0 

W-etting angle  degrees 

Maximum heat  transport \v 

Performance  factor - 
Safety factor - 

Elevation  between  the  ccndenser  end and m 
evaporator  end 

* Card 8 is needed  only when the value of card 4 (5) is an  integer  smaller than 1 
and  the  value of card 4 (2) is an integer  greater  than 1. 
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- Input 
Card 
No. - 

11 

12 

13 

?i* 

15 

Format 

3F10.5 

4EIO. 4 

3E10.4 

213 

5E10.4 

Fortran 
Name 

SIGN 

VCID 

XLEV 

XL.0 

XLCO 

XOD 

3"-3 

DE LM 

RMAX 

RFOM 

STR ES 

WALLK 

I 1  

I 2  

XKP 

RPE 

CRPE 

HEsL 

HCSL 

Description 

Sign convention , +I p jsitive  elevatian 
-i negativa  elevation 

Void fraction of the  wick  material 

Length of the  evaporator  section 

Length of the  adiabatic  section 

Length of the  condenser  section 

Outside  diameter of the  heat  pipe 

Minimum wall  thickness of the heat  pipe 

Minimsm  wall  thickness of the  storage 
reservoir 

Maximu,- allowable radius of the  storage 
reservoir 

Density of the  heat pipe material ' 

Yield stress  for the heat pipe mzterial. 

Thermal  conductivity of the  wall material 

Mesh size of the  coarse wick material 

Mesh size of the fine wick material 

Permeability 

Effective  pumping  radius  Ior  heat  transport 

Effective  pore  radius  for  self-priming 

Evaporator film coefficient of slab wick 
heat  pipe 

Condenser  film  coefficient of slab  wick 
heat pipe 

i 

- Unit 

m 

kgjm 3 

N/m2 

i\r/m OK 

- 
m 

m 

m 

2 

W/m2-OK 

W/m2-OK 
" 

* Card 14 to  Card 15 a r e  needed  only i f  the value of Card 4(4) is equal to  one- 
i 
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't ran 
I !  Input 

Card . For - No. Format  Name 

16 4E10.4 D 1 

D 2  

RHOWl 

RHOW2 

17* I3 :.TAR 

18** 5E10.4 XMCWD 

STINC 

H .  

HEAR 

HC-h R 

19*** 6E10.4 XMC'ND 

STINC 

RPE . 

H 

HEAR 

HCA R 

. Description 

Diameter of the  coarse  wick  material 

Diameter of the fhe wick material 

Density of the  coarse'wick  material 

Density of the  fine  wick  material 

Control Card 
1 for closed  artery 
2 for open artery 

Minimnnm wick  thickness (i.e., diameter 
of the artery) 

Step  increment  for wick thickness 

Pedestal  height of arterial wick 

Evaporator  film  coefficient of arterial wick 

Condenser film  coefficient of arterial wick 

Minimum wick thickiwss (i.e., diameter 
of the aitery) 

Step  increment for wick th ichess  

Effective  pumping  radius  for  heat  transport 

Pedestal  height of arterial wick 

Evaporation  film  coefficient of srterial wick 

Condenser film coefficient of arterial wick 

-. 

* 

Unit 

m 

m 

- 

kg/rn3 

kg/m3 1 

m 

m 

m 

W/m - K 

W/m2-OK 

2 0  

m 

m 

. m  

m 

W/m2-OK 

W/m2-OK 

* Cards 17 to Card  19 are needed  only if the  value of Card-  4 (4) is equal to two (2). 
** Card 18 is not  needed if the  value of Card 17 is equal to 1. 

*** Card 19 is not  needed if the  value  of Card 17 is equal to two (2). 
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Input 
Cn rd 
No. Format - 

20 2E10.4 

21* 3E10.4 

23* 2E10.4 

23** 3E10.4 

24** 2E10.4 

25*** RE10.4 

Fortrar. 
Name 

D l  

RHOWl 

X?MCWD 

STINC 

XKLIQ 

D l  

RFIOW1 

RPE 

XKP 

XKEFF 

D l  

RHOWl 

A RMA X 

ARMIN 

WMAX 

WMIN 

TLIilA X 

TLMlN 

I 

Description 

Diameter of the wire of the  scrccn  mesh 

Density of the wick material 

Minimum wick th i chcss  (i.c.,  distance 
between the wick and the tube  wall) 

Step  increment  for wick thickness 

Thermal  conductivity of the  working fluid 

Diameter of the  wirc of the screcn nwsh 

Density of the wick material 

Effective pumping radius  for  heat  transport 

Permeability 

Effective  thermal  conductivity of thc liquid 
and wick in  circumfercntial wick heat  pipe 

Dint leter of the wire of the  scrcen  mesh 

Density of the wick material 

Maximum value of aspect ratio of the groove 

Minimum  value of aspect  rntio of the  groove 

hlaximum  value of the  groove width 

Minimum value of the groove width 

Maximum value af the lnnd thickness of the 
groove 

Minimum value of the  land  thickness of the 
groove 

I 

* Card 21 and 22 a re  needed only i f  the  value of Card 4 (4) is equal  to  three (3). 

** Cards 23 and '24 a re  needed only if the vnlue of Card 4 (4) is equal to four (4) 

! *** Cards 25 and 2G are not needed if thc value of Card 4 (4) is equnl to five (5).  

i 
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Input 
Card Fortran 
No. Format.  Name - 

HEGR 

HCGR 

26*** 213 NDAR 

NDWD 

Description 

Evaporator film  coefficient of the grooved 
heat pipe 

Condenser film coefficient of the  grooved 
heat  pipe 

Number of groove  aspect  ratio 

Number of  groove  widths 

Unit . 

W/m2-'K 

W/rn2-'K 

*** Cards  25 and  26 are not  needed if the value  of Card 4 (4) i s  equal to five  (5). 
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N ITG’OC? N 
ALUMINUM aLLOY 6.~61-16 
HOMOGEWOUS WIC6 ACAIhST THE #ALL ( 2 0 0  MESH SCREEK) 

2 2 2 4 1 2  
6 0  . 300 10.0 

0.0000E.+00 
5.0 1.6 2.0 e n 9 2 5 4  1.0 0.7 
U.2 0.n 0.2 

1 ~ 2 7 i ~ 0 t - 0 2 8 ~ 9 0 0 0 E - 0 4 8 ~ 9 0 0 0 E ~ 0 4 5 ~ 8 0 0 ~ E - 0 2  
2 ~ 7 0 0 0 t + O 3 2 ~ ? 4 0 0 E + 3 8 1 ~ 6 0 0 0 € + 0 2  
7 ~ 7 0 3 0 t ~ 1 1 6 ~ Y 5 0 G E ~ 0 5 1 ~ 4 0 O O E ~ O l  
5 . 3 3 ~ 3 ~ - 0 5 2 . Z 5 0 0 E + 0 3  

t 

i 

Table C. 1-3. Sample Input Data for a Homogeneous Circumfsential Wick 

1 
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NITPOGEN 
ALUMINUM ALLOY 6061-T6 
.AXIAL RECTANGULAR GROOVED HEAT P I P E  

0 2 0 5 1 2  
BO . 300. 10.0 

28.0 1.4 
6 ~ 0 0 0 0 E + 0 2 S ~ 9 0 0 0 E + 0 0 1 . 8 5 0 0 E * 0 5 e ~ 2 0 0 0 E ~ 0 3 1 ~ 4 4 8 0 ~ ~ 0 4 ~ ~ ~ 4 ~ 0 ~ ~ 0 6  

0*00(rOE+00 
0.005 1.0 2.0 000254 1.0 0.7 
0.2 0.e 0 02 

2~70COE+032~7600E+UYl~6OOOE+02 
1 ~ ~ ~ 0 0 E ~ 0 0 ~ ~ 0 0 0 0 E o 0 1 ~ ~ 6 2 O O E ~ O ~ ~ o O 6 O ~ E ~ O 4 5 ~ l O O O E ~ O ~ 3 ~ ~ l O O E ~ O 4 3 o 8 O O O E + O ~ 7 o 6 O O O E + O 2  

~ . z ~ o o ~ - o ~ a . ~ o o o ~ - o ~ ~ . ~ o o o ~ ~ r ~ ~ s . o ~ o o ~ ~ o ~  

3 3  

Table C. 1-4 Sample Input Data for a Axial Groove Wick 

.. . . 



Symbol 

A 

Dh 
FI 
H 
K 
L 
N 
P 
pw 
Q 
R 
Re 

T 
V 

t 
rP 

W 

? '  

NOMENCLATURE 

Description 

Area 
Constants  for  Beattie-Bridgman Equation 
Tube diameter 
Hydraulic  diameter 
Pressare drop  ratio 
Wicking height  factor 
Permeability 
Length 
Transport  factor 
Pressure 
Wetted perimeter 
Axial heat flow rate 
Rltiiius, thermal  resistance 
Reynolds number 
Gas  constant . 

Safety 'factor 
Temperature 
Volume 

Constants  for  Beattie-Bridgman Equation 
Friction  factor 
-4cceleration 
Heat transfer  coefficient,  elevation 
Thermal  conductivity 
Mass 
Pumping radius 
Thickness 
Groove  width 

Grcove hsrlf angle 
Heat  pipe orientation with respect to gravity 
Ratio of specific  heats 
Groove  depth, thickness of wall of storage volume 
Porosity 
Gravity  factor 
Contact  angle 
Heat of vaporization 
Dynamic viscosity 
Kinematic  viscosity 
Density 
Surface  tension 

C. 1-30 
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Subscripts 

Description 

Adiabatic 
Annular wick 
Condenser 
Circumferential wick 
Evaporntor 
Effective 
EXtutolll81 
Hent pipe 
Index.  individual 
Internal 
Liquid 
Mnxinwm 
Mininlunl 
Required 
Self-priming 
Storago  volunic 
Toin1 
Vnpo1. 
Wick 
Wall 

I 

I 

! 

I 



. .  

. 

'\ 
\ 
A ~ x K X X  x- A. Flow Diagram of 

Beat Pipe Analysis and Design C0d.e 
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W C  THE 

INTERNAL , 
PRESSURE 

I t -. 
USE 6EATTlE-dRl>GMAA CALC TUBE IUK.FOR 

EPUCT10:4 TO CCLC THE * CONTAINh3CNT 

. iNTERNAL  PRESSURE ( Iread)  
d 

I 

w R4DIUS OF THE H€AT  PPE 

r RADIUS OF SPHERICAL 

' STORAGE VOLUME = 

SPHERE THh USING IDEAL GAS LAW OR 

BEATTIE-BRIDGM4N EO 

RAOIUS OF I H E  STORAGE 

VOL: RAOIUS OF THE STOR 

" 
OUTPUT 

WEICUT 

PERFORM 

H'CIGHl 

CALCULATION 

STORE THE 

THICKNESS 

WEIGHT 

CALCULATION 

CUTPUT 

IHERMAL 

PERFORM IhE THERMAL 

AYALVSIS FOR EACH 

... 
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Appendix B. FORTRAN Names 
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P 

Fortran 
Name 

HD1, HD2 
HD3,  HD4, 
HD5, HD12 
HD6, HD7, 
HDB, HD9, 
HD10, m11, 
HD13, HD14, 
HD15, HDIG 
MORE 

OPWT 

DATA 

CTOW 

Description 

Headings  (worhing fluid) 
Headings  (heat  pipe  material) 

Headings (type oZ wick) 

U S s  ! ,  
I .. 

STATE 

FLUID 

TEMP . 

TMAX 
DT 
RHOL 
RHOV 
X LAM D 
SIGMA 
XM'JL 
XMUY 

Control  Point, integer = 0 for last set of data, 

Control  Point,  intcger < 1 without  weight analysis, 

Control  Point,  integer < 1 no data  acquisition  code, 

Control Point, type of wick. geometry 

otherwise  interger = 2 . 

otherwise  integer > 1 

otherwise  integer >.I 

1 slab . 

2 arterial 
3 annular 
4 circumferential 
5 asial  grooves 

Equation,  integer < 1 use Ides3 Gas Law 

1 hydrogen 
2 nitrogen 
3 oxygen 
4 water 
5 ammonia 
6 methanol 
7 acetone 
8 freon-21 
9 sodium 
10 potassium 
11 lithium 
12 mercury ' 

Operating  temperature K 
Maximum  system  temperature K 
hfardmum  allowable vapor temperature drop OK 
Liquid  density kg/m8 
Vapor density kg/m'- . 

Latent  heat of vnprization w s/kg 
Surface  tension N/m 
Dynamic  liquid  viscosity kg/m s 
Dynamic vapor viscosity kg/m 3 . 

Control  Point,  integer > 1 use Beattie-Brldgman 

Control  point, type of working fluid 

0 

0 

- 
C. 1-38 
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Fortrnn 
Name 

XMW 
GAMMA . 

PHI 
PIH 
QhUX 
PERF 
FSAFE 
HIGH 

SIGN 

VOID 
XLEV 
XLA D 
XLCO 
XOD 
T 3IIK 
DELM 
R hL'i X 
RHO31 
STRES 
WALLK 
11 
IND 
QTRAN 
XLHP 
XLEFF 
QPRED 

XID 
AE 
AC 
RHEAD 

XNL 
I1 
I2 
XKP 
RPE 

Description 

Molecular weigh't  of the  working  fluid 
Ratio of the speciff: heats 
Constant ;or Beattie-Bridgman  Equation 

Wetting  angIe 
Wetting  angle 
Maximum heit  transport . 

Performance  factor 
Safety  factor 
Elevation  between  the  condenser  end  and  evaporator 

Sign convention, +1 positive  elevation, -1 negative 

Void fractinn of the wick nlbterial 
Length of the  evaporator  section 
Length of the  adiabatic  section 
Length of the  condenser  section 
Outside  dialncter of the  heat pipe 
hlininlum  wall  thickness c;f the  heat  pipe 
Minimum wall thickness of the  storage  reservoir 
Maximum allowable radius of the  storage  reservoir 
Density of the  heat pipe material 
Yield stress  for the  heat  pipe  ma+&rial 
Thermal  conductivity of the wall material 
Indicator 
Counter  for  performance  parameters 
Maximum heat  transport  requirement 
Length of the  heat pipe 
Effective  heat  pipe  length 
hfaxinlum  heat transport  requirement  (including 

the  performance  factor) 
Inside  diameter of the heat pipe 
Internal  area of the  evnporator 
Internal  area of the condenser 
Required  head of self-priming for slab  wick, 

circumferential wick, and amular  wick 
Liquid  transport  factor 
Mesh  size of the  coarse wick material 
Mesh  size of the fine  wick material 
Permeability 
Effective pumping radius  for  heat  transport 

end 

elevation 

Units. - 
kg/mole 

degrees 
radians 
W 

m 

m 
m 
m 
111 

rn 
m 
m 
kg/m' 
wmz 
W/m°K 

w 
m 
m 
W 

m 
m 2  

n12 
nl 

m' 
m 
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Fortran 
Name 

CRPE 
HESL 
HCSL 
Dl  & D2 
RHOWl 
RHOWZ 
XMCWD 
CWL' 
CPCOR ' 

CCORE 
CPGHU 
BODY 
OTA R 

.. STINC 
H 
HEAR 
HCAR 
D i U X  

XKLIQ 
XKEFF 

S0Pi-I c 
A SONIC 
NL 
EHEAD 
B 
THETA , 
C 
AV 
CHEAD 
A W  
WP 
DHV 
ARC 
HAE 
HAC 

. DHL 
QLMAX 

QLMoG 

Description 

Effective wre radius for self-priming 
Evaporator  film  coefficient oi slab wick heat pipe 
Condenser  film  coefficient of slab wick heat  pipe 
Diameter of the wires of the screen  mesh 
Density of the  coarse wick material 
Density of the  fine \rick material 
Minimum wick thickness 
Wick thickness 
Capillnry  pumping  pressure for self-pr  iming 
Self-prilning  head ' 

Capillary pumping pressure for heat t r a n s p r t  
Body force 
Control card 

( I )  for  closed  artery 
(2) for open arter). 

Step  incrcnwnt  for wick thicblcss 
Pedestal height of nrterinl wick 
Evnporntor  film  coefficient of arterial wick 
Condcnscr f i l m  cocfficient qf arteria1 wick 
M n ~ m u m  nl1ov:;tble d i a n d e r  of zrtery for se!f- 

Thermal  conductivity of the  working  fluid 
Effective thermal conductivity of the  liquid and 

wick in circumferential wick heat pipe 
Sonic  velocitx at  operating  temperature 
Minimum allowable vclpor area  for  sonic  limit 
Indicator 
Equivalent lmrc  radius for self-priming 
Half  of the wick thickness 
Angle 
Chord lengh 
Vapor area 
Net capillary pressure for  heat  transport 
Xick n rea 
Wetted pwimeter of liquid area 
Hydraulic diameter of the  vapor 
Arc length 
Evapr3tor  film  conductance 
Condenser  film  conductance 
Hydraulic diameter of the  liquid 
Maximum heat transport  factor  in "1-g" 

Mnsimum  heat transport factor in "0-g" 

priming 

environment 

environment 
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Fortran 
Name 

REYND 
DI J?T 
QMAXC 
QMAOG 
DQDH 
A ETD 
ACTD 
XQWW 

= o w  
XLVND) 
XQLflND) . 

. XAHC(IND) 
XDIFT(IND) 
A REA 
AREAL 
VTD 
LAYER 
XMFLD 
vow 
WTW 
ETD 
CTD 

' .. XA(INR) 

Description 

' Reynolds number 
Vapor temperature  drop . 

Maximum heat  transport in ''1-g" environment 
Maximum heat  transport in "0-g" environment 
Slope of heat transport versus evaporator  elevation 
Evaporator  temperature drop 
Condenser tempera'ture drop . 
Tempracy storage space for QMAXC 
Temporary storage space for A V  
Temporary  storage  space  for CWD 
Temporary storage space for AW 
Temwrary storage  space  for QLMAX 
Temporary storage  spaca for ARC 
Temporary storage  space for DIFT 
Vapor area 
Liquid area 
Vapor temperature  drop 
Number of layers ut screen mesh 
Mass of the  working fluid 
Actu.4 r dume of ti, wick 
Weight of the wick 
Evaporate" :'emperattire drop 
Condenser temperature  drop 
Constants for  turbulent vapor flow 

Counter €or iterations when vapor i s  turhul?nt 
Temporary  storage space for Qmax 
Constant for turbulence calculation 
Derivative of turbulent transport equation 
Temporary  storage  space fijr %?I: 

Maximum  value of aspect rai: I 
Minimum value of aspec; *. t i ?  
Maximum value of the groo;.c -.v;?th 
Minimum value of the grbove ..'i.;ch 
Mrximum value of the land ;hickne?q 
Minimum value of the  lmd thickless 
Evaporator film coefficient of the grooved heat  pipe 
Condenser film coefficient of the  grooved heat pipe 
Number of groove aspect  ratios 
Nuniber of groove widths 
Number of groove aspect ratios ' 
Increment for the aspect ratio 
Aspect  ratios 
Madmum allowable width of the  groove at an aspect 

ratio for self-priming 

C. 1-41 

Units : 
i I__ 

*K i 

W 
W 
\V/m 
OK 
OK 
w 
mt 
m 
m2 
W/m 
m 
-K 
m* 
me 
OK - 
kl: 
ms 
kg 
OK 
OK - 

- 
W 
Nhn2 

W - 
m 
m 
rn 
rn 
W/m2 OK 
w/m* OK - 

m 
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Fortran 
Name 

DG2(I) 

_*. 
/ . * . D G W  

F 

DG5(I) 

D V T D ~ )  
GVOW3fl) 
NSTOR 
STORl to 13 
NCAAE 

. STIilK(1) 
THICK(1) 
C ONST 

BAW 
RS 
w'rs 
DELR 
BDELM 
BRHOXI 
RAHOL 
B R  
BMD 
BXLHP 
B R K I X  
BXOLi 
BTEMP 
BTMlN 
BXMFL 
SPVOL 

" I  B 
EPSI 
?RES 
BPRES 

Descrtption 

Weight of thc l.m$ of the  groove 
Vapor temperature drop' 
Total liquid nrc'a 
1,:rnd thickness 
Number cjf grooves 
Maximum heat  transport  factor far groove  geometry . 

4 

'5 

U& 

kg 
O K  

m2 
m 

W r n  
in "1-g" envirsnxnent 

"1-g" environnwnt 

geometry  in "0-g" cnvironment 

*'O-gtl envi  ronnlcnt 

elevation  in "1-g" environment 

M,?simum heat  transport far groove  geoxetry in 

Maximunl  heat transport  factor for groove 

Maximum heat  transport  for  groove  geometry in 

Slope of heat  transport  versus  evaporator 

5,'apor temperature  drop 
Total liquid area 
Temporary.  storage space 
Temporary storage space 
Case number 
Wall thickness of the storage  reservoir 
Wall thickness of the heat pipe 
Gas const  ant 

Wick area 
Internal  radius of storage  reservoir 
Weight of storage  reservoir 
Required wall Lhirkncss of storage  reservoir 
ktininlunl c n l l  thickness of storage  reservoir 
Density of the heat pipe mate~-ial 
Density of the working fluid 
Internal  radius of the heat pipe 
Internal  di:umter of the  heat pipe 
Length of the  heat pipe 
Maximum allowable radius of storage reservoir 
Outside  diamctcr of the heat pipe 
Maximum system  tenlperature 
Minimum  wall thickness 
Mass of the  working fluid 
Specific  volume 

Coefficients of Bcattic,  Bridgman  Equation 

Internal  pressure of the system 
Internal  pressure of the  system 
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W 

W 

W m 

atm I 
gnlole'Ei 
ft 
m 
-kg 
nl 
I l l  ' 

lb/ft; 
Ib/ft 
f t  
m 
n1 
f t  
f t  

ft 

0 K 

kg 
111: 

atm or N/m' 
psi or lb/ft' 

. .. . . .. ... . .. 



c 

Fort rnli 
N:IIIW 

. DTRED 
TRED 
BVHP 
WT L 
WTH 

BINCK 
nVST 
BVTT 
DEST 

WT. 

DINT ' 

AEXTE 
I AEXTC 

EWTD 
CWTD 
TTD 

U~i i t  s - 
It 
m 

' It' 
kg 
kg 
kl; 
ft 
ft ' 
ft ' 
In 

m 2  

Ill2 
OK 
OK 
OK 

111 
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1 

I 

i 

SO10 F O R M A I  IIFI0.5I 
5009 FORMA1 l8E10 .41  

49d F O R M A T  lb131 

61 FORMA1 11111 2 4 H  I W P U 1 0 A 1 A 1. 
63 F O U M A l  1 1 1 1 9 H   l U B E  M A l E R I A L  *)Ab1 
65 .CORMAT l / Z E 2 0 . T ~ 1 0 X ~ F 4 . 2 1  

I T 4  FORMA1 ; / /ZX . IOAb1  
T O  FUME.~T  114EZO.71 

".. 

LO1 FORMAT 11EZ0.7~15X.~20.1~24R.E20.71 
609 FORM41 I 1 1 ~ 2 3 H  Y l R t  O I L M E l E R  OF 1HE ~ 1 3 . 3 9 H  MtSH SCREFN 

610 F O R M A 1   l / E Z O . 7 ~ 2 l X ~ E Z 0 . 7 1  . 
b11 FORMA1 1111111 DENSITY OF IHE ~ 1 3 . 4 0 H  MESH SCREENlKG/H- ICMl  

7 6  FORMA1 I I I I B H  WORKING F L U 1 0  = ,2116 14H AT .F9.2.3HlUI) 

I O I A M E l E R  OF I H t  ~ I 3 ~ 1 5 H  MESH SCREtNIMIl 

1 1 T Y  OF 1HE e1.3.2ZH MESH SCREEI(IKG/U-M-Ml l  

622 FORMAT l14X.Fb.11 

WIRE 

OEM 

6 2 3  FORMAT I/4X;F8.31 
CPI FORMAT l 1 4 X ~ F l O . 2 1 .  

86 FORMAI  I 1 1 1 1 l b H  S C L F - P R I C I N G R E 0 U I R E M E N 1 
I I I N  At YI'H E L E V A T I O N  O F 1 E 2 0 . 7 ~ 4 H l U I l i  

b34 FORMAT ~ / E 7 0 . 1 ~ 2 0 X ~ E Z 0 ~ 7 ~ 1 3 X I f 2 0 . 1 l  
b37 FORMAT l / E Z O . T ~ 5 9 X ~ E Z O . l l  
202 FORMAT l / E Z O . ? ~ 1 0 X ~ E Z O ~ l :  

SO FORMA1 l111151H ti E A T 1 R A N S P 0 R 1 A II A L Y S I S I 

IO FORMAT 1'1'1 
1 ~ 1 O A b . l H I I  

b 0 , F O R U A l  1/1/11' H E A 1 P I P E A M A L Y S 1 S A N D 

b2 F O R M A 1  l / / f / '  H E A I P I ? E ? R 0 P E R 1 I E 5 '1 

b4 F O R M A l . I 1 1 '   Y I E L D   S T R E S S I W R - M I   O E N S I l Y l K G / + H " l   C O l r T A l W  

bb FORMAT 111' O U T S I D E  O l A M C T E R I M I  11111. WALL I H I C K N E S S I I O ' I  

69 FORMAT 111' 
b I  FORMA1 I//' LENClH OF THE MEA1 P I P E   S E C T I O N F ' I  

IO E 5 I G N ( H P A O I ' I  

120 FORMAT 111' I H E R M A L   C O N O U C l l V I I Y l Y 1 M - K I ' I  

I t R  SAFETY  FACTOR'I  

E V A P I M I  
I I M I  

I V D L U M E ' I  

40IM1 con0 

4UO  FORMAT I f / / / '  G E 0 U E 1 3 I 0 F 1 H E S 1 0 R A G E 
I O T A L I M I ' I  

1 I - F O R ) I A i  111" R A O I U S I M I  OF MAX. SIORAGE VOLUME'I  
13 FORMAT I////* Y I C  K G E 0 M E 1 R Y ' I  

605  FORM41 111' V . I l G  F R A C T I O N   O F   I H E   W I C K ' )  
LO6 F O R l l C l  111' P:RMEABIL lT I IM-MI  

608 FO6MAT 111' MI" THlCI:N€S5 OF THt Y I C K l M l ' I  
615 FOYMAI  111' MI*. O I I M l l F R  i)F 1HL A W I F P Y I M I ' I  
b15 FOHMAT 111' W!RE 0 I A M t . T L R  OF TUE S C k L E N I M l ' l  
LIT FORMAT (11' O E N S l l Y  OF IHE S C 1 E t t i  d I R E I K G / M - M - M I * I  

1 1  l S A H S P O R l l * I  EFF.  PUMPING * I O .  FOn S E L F - P R I M I ' d C I M I ' l  
EFF. PUMPlNG RAO. FOR HEA 

b18 FI IdMAT 111' FFF.  PUMPING RAO. F:l\ HEAT IRANSPURTIM) ' )  
619 bUMMA1 111' WIN- O I S I A N C E   B E T W E t N  THE MALL AN0 1HE U I C K I M I m I  
LZO FUNMA1 111' Y t R M E A R I L I T Y I M - M I  tFF .  PIJMPING KID.  FOR M E A 1  111 

I N S P O R l  AND S E L I " P R I M I N G I M I ' I  
1 1  F O R M A 1  I / / '  F L U I 0 P R 0 P  E .I 1 I E 5 ' 1  

4 6 2 1  F U X ~ A l  111' THE R A T I O  OF S P E C I F I C   H E A T S I C P / C V I ' I  
621 FURMA1 111' M U L t C U L A Y   U E I G H T I K G / M O L E I * I  

150 F I I R M A l  111' E F F E C T I V E  1HERMA.L C O N O U C l l V I T Y   O F   I H E   L I O U I D  AND 1HE 
1 2 1  F U M M A l  111' THERMAL C O N O U C T l V I ~ Y I W I M - K I ' I  

b 2 4   F U R M C I  111' C O W l A C T   A I I G L E I O E C l * I  
I U I C K l U / M - K I * l  

0 1  F O R M A 1  111' 114. O E R S I T Y I U G I M - W " )  VAPOR O E N S l l Y ~ K G / F M - M I * ~  
19 FORMA1 I / / '  SURFACE lENSIONlN1HI LATENI  H E A I I J I L C I ' )  

G 3  FORMA1 I//' 110. V I S C O S l T Y I K G I M - S I  VAPOR V I S C O S l T Y l U C / H - S ~ ' l  
1 1 4  t O R M A 1  I / / '  L I Q U I D   T R h I 1 S P O R l   F A C l O R ( W / M - M l  ' 1  

889 FORMAT 111' E L E V A T I O N I U I ' I  

8 9 0  FORMAT I / /@ MAX. T E M P E R l l U R E I U l ' )  
143 F U R M A 1  111' MAX. 4LLOMABLE VAPOR  IEMPERAIURE  DROPlK) ' )  

b33 k O R M A 1  111' MAX. C A P I L L A R Y  hEA0 F O I   S E L F - P R I M I N G I M I   A E O U I R E D  

6 3 5  FORMA1 111' MAX. ALLOYABLE OIANETER OF 1HE ARTERY  FOR  SELF-PRIMIN 

8 0 8  F O R M A T  I////* P E R F o I A c E a E a u I R E a E n T 5.1 ' , 

4 2 0 2  F O M M A T  11,' PEDESTAL HE1GHllM)~l 

8 5  FORMAT 11/11' 0 U T C U 1 D E 1 A ' I  

1 H t A O l H i  E O U I V A L E H l  EFF. 1110. FOR S E L F - ? R l M I N C I M I ~ I  

1 G l M I ' I  

I FOR R E O U I R E O   H E L D I M I   R E Q U I R E D  HEADOII ' I  
b l b  FORMA1 111' MAX. ALLOWABLE OISlArcCE BETWEEN THE WALL AN0 T H E   M I L K  

zoo FORMAT 1 / 1 8  s o n I c L I M I T A I o n') 
2 0 1  FORMAT 111' sonic V E L a c I T v w s ~  

11 FOR S O N I C  LIMITAlION'l 

IOEhSER'  lG.11 lG=l) (5=01 ~ I G - 0 )  

MINIMUM VAPOR A R E A l ) t M  

4 6 3 0  F O R M A 1  1 / 1 8  THICXHESS  OF  VAPOR  lEMP  EVACORATOR 

4b31 Fr lRMAl  I / /*  DIAMETER OF  VAPOR  TEMP E V A P I M A l C R  
2 ( C ~ I I ' I  

IO tWSER 16.I) 
2 l G . I l ' l  

IDEHSER IG=ll It.11 IG=0I tG=ol 
2 lG.Il'l 

I P  OROP I O L E F F I U A X  QMAK IOLCFF I M A X  ' OMAX 

I G = 1 l  I G = 0 1  lG=01 

4b32 FORMA1 111' DiSTR.WCE  BETYEEN THE VAPCU 1 t M P  EVAPOPAIOR 

4b31 FORMA1 I' WALL AI40 THE  WICK DROP 1EW O l D P  

2 towon)*)  
I1 FORMAT I / *  I M I  111) ILI 

I I K I  
2 IYIMI'I 

16' OROP I O L E F F I M A X  OMAX I O L E F F I M A X  OMAX 

IW-MI IWI IWMl I n )  

3b30 FdRM4T I* THE WICK DROP l E W  DROP 

con 

CON 

CON 

T E l  

1 E M  

23 FORMA1 111' NO AREA E X I T S  10 SAIISFY X I I A R I Y I   R L P U I R M E I T ' I  
31 FORMAT 111' . O M A X l W I  R E P U I R E M E W   I I N C L U D I N G  W E  PERFORMANCE  FAClO(L 

I IOOIDHI'I 

11 IS'). 
126 FORMAT I//' IHL PERFORMANCE F A C l O R  [ S a l  
26 FOUMAT 111' THE MAX. VAPOR A R E A O t M I  10 S A T I S F Y   Q M A X I W )   R E O U l R E k  

4 2 4  FORMA1 I//' 1HE MIN. THIEKI IESSOI I  OF THE WICK 10 S A l I S F Y   O M A X I W I  
1NT 1.5'1 

. .- 

. .  

. . .  
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'E.CP.PC 

bi l l  ; t  l6ml,??l HEAk.HCAR 
LO 1U 7 2 1  
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IBllhDl~CUfl 
XA(lMOI-AV 

I L l l M O l . A U  
I U L l l h D ~ ~ ~ L M ~ K  
X A R i l l n O I ~ A R C  
XOIFlllHOl*OIFl 
IF I O I F T . t l . f l T I  GO 10 1000 
cu IO lY40.344,344.342lrUlf lY 

340 I F  l l l . tO.17.1 GO 10 PO01 

GO 10 354 
SlINt~Z.O*IDl*O21 

IF IlC~O.Cl.XID1 GO TO 1000 
I F  ICUO.CT.OMAXI GO TO 1000 
GO 10 311  

573 iC*0=Z;o*CUo 
I F  IlCYo.Gl.~IOl GO 10 I000 

GO 10 318 
I F  ICYO.Cl.O*bXl 50 l[r 1000 

S74 ICbO*Z.O*CYO 

I b l  
21 

25 

420 

421 

421 

4 2  3 
444 

310 

311 

112 

313 

314 



UIIYi~Plln+Il 
GO IO 4 1  

CIiErO'CPGnO 
l l - l l * l  

45 I F  l:I.Gl.ll GO 10 818 

018 11-11-1 
GO T I  41 
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v, 
w 

. 
. .  . 

., 

. - .  , . ._ " _,.._. .". 1. 



...._"... .. .. . . .. ... .. .__ 



S l O R t = S T R E S  
00 95 I - I . L c A S E  

WlD.0IIDlII 
S l R E S = S l O R E  

Y T Y * D Y l C K l I I  
I t C A A E - I  
XMFLU=OCMlII 
wOY.-Gvo*3Io 

36 FURMAT ( / I '  I E O U A l I O N  OF I T A l f  FOR R E A L  GAS 1I.E.~8€Alll~-8RlOG*4 

3 1  F O k M A l  111' ( E O U A l l O M  OF 5141E FOR IDEAL G A S  I S  USCU 10 CALCULATE 

I S Y S l E M ' )  

I N  tPUAIIDNI IS U S f D  IO C A L C U L L l E  I H t  I ' r l L R M A L  P R E S S U R E I ' I  

I I H E  INlERkAC PRESSUREI'I 
4 F f l R M A l  1 1 1 2 5 H  C A S E N U M 8 E R . I X . 1 3 1  

46 FORMA1 111' S l f E r V  F L C l l J R   M A X I M U M   l F M P F R 4 I U R t l K ) ' I  

4 5  f l lRM4l  
LI FORMA1 
65 f O R M A 1  
2 )  FORM41 
r n  FORM41 

19 FURMA? 
1-HI 

303 FURMA? 
9.2 FORMA? 
I 1  FURMAT 

I S Y  
I 1  FORMA1 
14 FORMA1 
I S  FURMAT 

19 FORMA? 
11 FURMA? 

2 5  FORMAT 

lnf 
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Appendix D. Sample Problems 
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The  first.  sample  problem  consists of determining  the  heat'transport  capa- . 

bility of an  aluminum (6061-T6) heat  pipe (1.27 x m 0. D. x 8.9 x m wall). 

A homogeneous  circumferential  porous wick  (200-mesh stainless  steel  screen) is used 

ia the heat  pipe. The heat  pipe working' fluid is nitrogen  at  an  operating  temperature 

of 80°K, and the tube wall material is aluminum  alloy 6061-T6. Heat  load,  elevation, 

maximum  system  temperatur,,  and  acceptable  range of vapor  temperature  drop a r e  

specified as: i 

'req'd = 5w 

h = 0.00254 m 

Tmax = 300.0°K 

ATV = 10.O°K 

I .  ': 

! 

! 

The length of the  evaporator,  adiabatic  section and condenser of the  heat  pipe a re  

specified  as: 

Le = 0.2  m 

La = 0.8 m 

LC = 0..2 m 

The  sy'lerical  storage  reservoir, if needed for containment  purposes, is specified  to 

be 5.8 x lo-' m in  diameter and 8.9 x 10 m wall  thickness.  Finally, the  effective -4 

thermal  conductivity of the wick is assumed  to  be 0.14 W/m-OK (1. e., thermal  con- 

ductivity of nitrogen).  The  associated  data  cards  are  listed in  Table C. 1- 3. The 

resulting  computer  output  data follow. As indicated in the  printoat,  the  maximum 

heat  tramport  capability in a one "gf environment is approximately 0.98 watts, which 

is less than the required  heat ioad. Therefore,  weight and heat  traaefer  analyses  are 

not presented and the  program  terminates with  the  following s ta temat:  "No area exlste 

to s a t i s b  QMAX (w) requirement". 
. .. 

In the  second  sample  prcblem,  the  perform.ance6 of a nitrogen  heat pipe.  

with an axial rectangular  grooved wick are considered.  The  maximum and minimum 
' 1 .  i 
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all.owable  aspect  ratios,  land  thicknesses, and width6 of the grooves a re  specified as: 

@ max = 1.5 

= 0.5 Qmin .  

Lmax = 5.10 x 

Lmin = 3.81 x rn 

. Wmax = 7.62 

. Wmin 
-4 

= 4.05 x 10 m . .  

The heat  load  requirement is: 

Qmax = 0.005 W 

and  the  evaporator  and  condenser film coefficient are  assumed  to  be 380 W/m - K 
and- 760 W/m2-'K, respectively.  These  values  are  based on measured  data.  The 

other  pertinent  data  remain unchanged and a re  specified in the  first  sample problem. 

It  should  be noted, however,  that  the  properties of nitrogen are  input here  because of 

the  option  used in the control  card.  The  associated  deta  cards are  l isted in Table 

C. 1-4. The  resulting  computer output data follow. Since  the  maximum  heat  transport 

capability in a  one llgl environment of each  specified  aspect  ratio  is  larger  than  the 

2 0  

heat load  requirement,  the  weight and heat  transfer  analyses  are  performed  for  each 

aspect  ratio.  The  results of these  analyses a re  presenled in the  computer, output. 
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C. 2 DATA ACQUISlTION CODE USER'S  MANUAL 

.Y 

.- c. 2.1 Introduction 

This  section  describes the utilization of the  Data  Acquisition Code  (DAC), 

Basically, DAC generates  the  thermophysical  properties of various  heat  pipe  working 

fluids at saturation condiiions. The  fluids  selected are those  most commonly used and 

span the range  from  cryogens to liquid  metals.  Both  constant  properties  and  tempera- 

ture dependent  properties are stored in the  property  subroutines of the DAC. Proper- 

ties are stored  as  tabular  data  points  or, in the case of the  liquid  metals,  in  functional 

form.  .Also,  derived  properties (e. g. , liquid transport  factor) are calculated and  out- 

put by the code. 

* This  code can be  used  alone  to  obtain  fluid  property  data o r  can  be  used in 

combination  with  the  Heat  Pipe  Analysis and Design (HPAD) Code  and thereby  reduce 

the amount of input data  required. 

The  program input requirements are described in Section C. 2.2.2, and 

the output formats are described  in  Sectton C. 2.2.3. References  are  iistzd  at  the end 

of Section C. 3. The flow diagram and program  listing  are  presented  in  the Appendices. 

A list of Fortran  names  with  physical o r  engineering  quantities is also  presented as an 

Appendix. 

c. 2 . 2  Program  Description 

C. 2.2.1 General 

The.  program  logic is illustrated in the flow diagram  contained in Appendix 

A. The FORTRAN names and the  physical  quantities they represent  are  listed in Ap- 

pendix B. Storage  requirements  are on the  order of 50,000 words  (octal). A listing 

of the  program is presented in Appendix C. The  program was written in FORTRAN V 

and was designed  to  operate  on  the UNIVAC 1108 system. 

Basically,  the  program reads the input control  dam,  generates  the  thermo- 

physical  properties of the  specified  fluid,  and  outputs  the  propcrty  data.  The  deck  set- 

up as shown in Figure C. 2-1 consists of job  control  cards,  the  program  source  deck, 

c. 2-1 



Control 
Cards 

Figure C .  2-1. Program Deck Setup 
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additional  control  cards followed by the  input  control  card and program  termination 
! 

cards.  The  program ha6 W o  major  options.  First,  the  thermophysical  properties 

can be  determined  at a specified  temperature- or at  specified  intervals  over a specified , 

range. If the  byxified  temperature  range Is out of property  data  limits,  the  program 

will automaticall).  adjust  the  range  to be consistent with the available  property  data. 

The second  option  consists of having  the  property  data  output  in  scientific  units (SI) 

or in both scientific and engineering units. 

C. 2.2.2 Input Description , .  

Table C. 2-2 describes  the  entries  to  be  made on the various  input  cards 

and  indicates when each of the optional cards are to be excluded. The FORTRAN name, 

format, and units  to  be  wed are indicated for each  entry. A listing of sample input 

data €or different c&es is presented below in Table C. 2-1. " 

Table C.2-1. Sample Input Data 

C. 2.2.3 Output Description 

The  program  outputs  esscntially all the  thermophysical fluid properties 

as well as  derived  properties  needed  for  the  Heat  Pipe  Analysis and  Design Code. 

These  properties  are divided  into two categories in the  output.  First,  the  constant 

properties which consist of the following: 

0 Molecular  weight 

0 Gas COnStaUt 

0 Ratio of specific  heata 

C. 2-3 
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Input 
Card 
No.. Format - 
1 13 

2 I3 

3 213 

4*  F10.4 

5** 3F10.4 

6*** 3F10.4 

Fortran 
Name 

MORE 

FLUID 

POINT 

UNITS 

TEMP 

TMIN 

TMAX . 

DT 

TMIN 

TMAX 

DT 

Description 

Control  Point,  integer = 0 for last set of 
data,  otherwise  integer = 2 

Control  Point,  type of working  fluid 

-1 Hydrogen 
2 Nitrogen 
3 Oxygen 
4 Water 
5 Ammonia 
6 Methanol 
7 Acetone 
8 Freon-21 
9 Sodium 

10  Potassium 
11 Lithium ' 

12  Mercury 

Control  Point,  integer = 1 for  flt*id  proper- 
ties at a  temperature,  otherwise  integer = 2 

Control  Point, integer = 1 for M.K.S. units, 
integer = 2 for both M. K. S. and Engineering 
units 

Temperature  (for fluid properties) 

Minimum temperature  (for fluid properties) 

Maxilnum temperature (for  fluid properties) 

Temperature  increment  (for fluid properties) 

Minimum temperature  (for fluid properties) 

Maximum temperature  (for fluid properties) 

Temperature  increment (for  fluid properties) 

Table C. 2-2. Input Data  Description . I  
. !  . ,  

. .  . .. 

0 K 
0 
E( 

0 K 
0 
IC 

0 F 
0 
F 

0 
F 

' I  
. .  

. .  . .  
' 

I .  

* Card 4 is needed  only when the  value of card 3 (1) is an integer  equal  to unity. 
** Card 5 is needed  only when the value of card 3 42) is an integer equal to k.0. ' . I *** Card G is needed  only when both values of card 3 are  equal to tw.:,. 
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0 Normal  melting point 

0 Normal  boiling  point 

0 Critical  temperature 

0 Critical  pressure 

The  second  category  listed be 

includes  the  derived  data. 

!low consists of the  temperature dependent properties and 

e 

0 

0 

0 

0 

0 

0 

e 

e 

e 

e 

0 

m 

0 

e 

Vapor pressure 

Liquid  density 

Vapor density 

Surface  tension of liquid 

Latent  heat of vaporization 

Thermal  conductivity of liquid 

Dynamic viscosity of liquid 

Kinematic  viscosity of liquid 

Dynamic viscosity of vapor 

Kinematic  viocosi& of vapor 

Ratio of kinematic  viscosity  (vapor/liquid) 

Wicking  height factor 

Liquid transport  factor 

Sonic  heat flux 

Sonic  velocity 

A listing of oiltput  data  associated with the  sample input data of Table C. 2-1 is pre- 

sented in Table C. 2-3. If the  specified  temgrroture is outside of the  data  range  it will 

be indicated  in  the  output by "TEMPERATURE OUT OF TABLE RANGE". 

C. 2-5 
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Table C.2-31 Sample Output Data 
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Table C.2-3- Sample Output Data (Continued) 

I 
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Appendix A. F1o.w Diagram for Data Acquisition Code 
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”- 

< START > 
4 

READ  DATA 

’ CONTROL  CARD 

I 
J + 

. READ 

’ FLUJD 

I * 
WHAT KIND 

OF FLUID 

FLUID SELECTION: 

I HYDROGEN 7 ACETONE 

2 NITROGEN 8 FREON -21 

3 OXYGEN 9 SODIUM 
4 WATER IO POTASSIUM 

5 AMMONIA II LiTHfUM 

6 METHANOL I2 MERCURY 

CONSISTENT WITH THE 

TYPE OF FLUID 
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4 

EA0 C O N T R O L C W  

FQI TAW a UNITS 

0 IND.0 

TABLE RANGE 

TEYPRWGE W S  

CALL SVBROUTIYE 

UNITS 

RETURN 

,*"q TABLE IND-0 CALL SIBROUTINE 

1 

1 - 

CALC m o p  B r  I 

INTERPOLATION I 
FORMULL C)R 

CALL SUBROUTlhE 

POUT 2 

1 i 
RETURN 

I 

1ND *I I 
UNITS COflTCARD: " 

ENGRG UNITS 

I 

i 

C. 2 -I3 1 



L 3  SUBROUTINE 

DEPEHDFNT 

S U B R O U T I N E   P O u T z  

SLBROUTlyE 



Appendix B. FORTRAN Names 

and Associated  Physical  or  Engineering  Quantities 
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Fortran  Name 

MORE 

FLUID 

LOUT 

LSUPP 

ARHOL 

ARHOV 

ASIGM 

AXMUL 

AXhIUV 

TEMP 

APRESS 

XMW 

GAMMA 

ORHOL 

OHHOV 

Description 

Contra:  Point,  integer = 0 for last  set of data, 
,otherwise  integer = 2 

Control  Point, type of working  fluid 

1 Hydrogen 
2 Nitrogen 
3 Oxygen 
4 Water. 
5 Ammonia 
G Methanol 
7 Acetone 
8 Freon-21 
9 sodium 

10  Potassium 
11 Lithium 
12  Mercury 

Out of temperature  range  indicator 

Control  Point,  suppress DAC external  output 

Liquid  densitJ 

Vapor  density 

Latent  heat of evaporization 

Surface  tension 

Dynamic  liquid  viscosity 

Dynamic’vapr viscosity 

Temperature . 

Vapor pressure 

Molecular  wsight 

Ratio of skc i f i c  heat 

Liquid  density 

Vapor  density 

kg/m ’ 
k g h ’  

w s/kg 

N/m 

kg/m s 

kg/m s 

0 K 

N/m2 

kg/mole 

kg/m’ . 

kg/m3 

. 

” 
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Forlran Name 

, ’ t  OSIGM 

’ OXMUL 

OXhf UI‘ 

OPRES 

OXLAM 

POINT 

UNITS 

HD 

GAS 

ThlELT 

TBOIL 

TCRIT 

PCRIT 

NK 

OTEhIP 

OTHCL 

OXNUL 

omuv 

RATIO 

OXNL 

OH 

NBRIT 

Description 

Surface  tension 

Dynamic liquid VisLwsity 

Dynamic vapor viscosity 

V a p r  pressure 

Latent Ileat of evaporation 

Coiltrol Point, integer = 1 for data at a tempera- 
ture, otherwise  integer = 2 

Control Point, integer = 1 .for M.K. S. units, 
integer =- 2 for M. K. S. and British  units 

Headings (working fluid and chemical formula) 

Gas consLmt 

No.rnm1 nlclting p i n t  

Normal  boiling  point 

Critical  temperature 

Critical  pressure 

Control  Point 

Temper. ,I t  ure 

Thermal conductivity 

Kinenlaiic  liquid  viscosity 

Kinematic  vapor  viscosity 

Ratio of kinematic  viscosities  (vapor/liquid) 

Liquid transport factor 

Wicking height  factor 

Counter for units used 

C. 2-17 

! 
i 

Units I 

N/m i 

kg/m B 

kg/m s 

N / m f  

- 
I , 

I 

I 

w s/kg 
- 

- 

- 
ft lbf/Ibrn°F 
atm liter/gm°K 

0 0  
K. F 

0 0  
K, F 

0 0  
IC, F 

N/rn*, psi 

- 
0 K 

W/m OK 

nlP / s  

mp /s 

- 
W/m2 

xn * 
” 

! ~ ”. 

. .  
& 

” 



Fortran  Name 

SONIC Sonic  velocity 

OSHF Sonic heat  flux 

BTEMP  Temperature 

Description 
* 
- Units 

m/s 

W/m2 

O A  
F 

BPRES . . Vapor pressure psi 

BRHOL 
------...- 

Liquid  density . -"---_ lbm/ft' -- b.,,. 

BRHOV Vapor  density Ibm/ft ' 
B SIG M Surface  tension ' 

BXLAM Latent  heat of vaporization 

BXMUL Dpamic  liquid  viscosity 

BXMUV Dynamic vapor  viscosity 

BXNUL Kinematic  liquid  viscosity 

BXNUV 

BIYNE 

BH 

€3 SON1 

BOSH F 

BTHCL 

TM13 

ThYA4 

T1 

T2 

XTEMP 

Kinematic  vapor  viscosity 

Liquid transport  factor 

Wicking  height factor 

Sonic velocity 

Sonic  heat  flux 

Thermal  coaductivity of liquid 

Storage  space iQr temperature 

Storage  space  for  iemperature 

Storage  space  for  temperature 

Storage space for  temperature 

Temperature 

RHOL Liquid  density 

lbf/ft 

Btd lbm 

lbm/ft hr 

Ibm/ft h r  

ft2/hr 

ft */hr 

Btujhr ft' 

ft * 

ft /hr 

Btu/hr ft' 

Btu/hr  ft OF 

OK, OF 

K, OF 

K, OF 

K, F 

K 

0 

0 

0 0  

0 

kg/m' 

C. 2-18 ! 



I '  
Fortran  Nnnle 

I. . . 

RHOV 

SIGMA 

x u  hlD 

XMUL 

XMUV 

THEcL. 

PRESS 

hr I\.I 

IND 

NIND 

TMIN 

T nf..j j( 

D T  

A 1  

A 2  

Description 

c. 2-19 

0 
K 

0 K 
0 K 

K 

K 

0 

0 

. ._ .. -.-.- .. * " 

I 
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0 

n' x 
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I 
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5 

53 

44 
11 

?O 

21 

kb 
14 

5 5  
99 

en 

. .  

" .- 
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ci ". . . 

I l l -X l tMPlIOI l  

l X l t M P l I u : l  
U ~ M U V l K l ~ X M U V ~ I I l * I X M U V l l l l - X ~ U V l l U l l * l l t M P - X l ~ M P l l l  
IX7tMPlIO)l 

I F  ICUINl .EO. I I  GO 10 61 
GtJ 10 51  

60 C U N l I h U E  

E N 0  

16 FORMA1 I * l t 1  
IS FORMA? I//* N01E I N P U l   T t M P t R 4 I U R t  RANGE HAS DEEY ADJUSTED') 

I N I € G E R   P O I W I ~ U ~ I I S  

h 



. . . .  
. .  . .  . .  

. .  

. .  

88 

59 

. . . .  

. .  

. I  

I . . : .  ' 

AZ=X~Eh'lmIl 
I F  lI'O!Nl.EO.ll GO 10 55 

GO TL ": 
IEMP :.r 

55 ININ-0.0 
1MAX.O.O 

" 

. . . . . . . . . . . . . .  . . -. . , , . . . . . .  ~ . . . . . . . . . .  

......... ; ..-. ..... . .."" -..'._I-.."... . .-.. .... . . . . . . .  .............. 



. P  
..+l 
nJ 
u) 

64 

31  

5 

43 

44 
11 

20 

21 

01=01*5.U/~.O 
lHAX=1TMIX+45V.67i *5 .0 /9 .0  

I F  IlHIN-Gl.XltHPiMHIl GO TO 3 4  

46 01-0.0 

45 TEHP=lEMP-OT 
THAX=TEMP 

49 00 57 K-1.8 
TEnP-T€MP*DT 
I F  IK.N€.Il GO TO 88 
IF llEHP.GT.THAXl GO TO 63 

08 IF ITEHP.Cl.TMAXl GO TO bI 
NK=K 
DO 68 I-NlND.HM 
IF  IXlEMPIIl-IEMPI blr59.60 

59 11-1 
UlEHPIKl=lEMP 
OPRESIKI-PXESSIIII 
ORHOLIK)=RHOLIIIi 
URHOVIKi=RHOVIIII 
OSIGMlXI=SIGHAIIII 
DXLAHIKI=XLANO(III 
OXHULiKl=XMULIIIl 
UXhUVIK)=XMUVIIIi 
0lHCLIKl~lHECLIIIl 
I F  IPflINl~tP.ll til TO b I  
GO TO 57 

11-1 
10=1-1 

OPKESlKi~€XP~llLLOGlPRESSllIli-A~OGlP~ESS~lO~l~*TtH?~IXlfHPllI~*~L 
OlEMPIKi=TEMP 

U R H O L i K i - R H O L I I 1 l ~ i R H O L I I I I - A H O L o ) r l T t M P - X l E ~ P l l I l i / l X l E M P i I I l -  

60 IF II.EU.Ii GU TO 59 

l O C I P R E S S I I O i i - X T E M P l l O i * A l O G l P R E S S i I l i i i l ~ l X T E M P i I l i - X T E H P l l O i i i  

._  ........... . s L  ........ >..'.i "I- . . . . . .  

. . . . . . . . .  

AXTFHP(IOi1 
O X H U L l K ~ ~ X H U L I I I l * I X H U L ~ l I ~ ~ X M U L l l O i l * i T ~ M P ~ X T € H P l I I l ~ / I X T E M P l ~ I i -  

LXIEMPIIUII 
UXHUVlKI~XMUViIIl*lXMUVIIIi-XMUVllOli*lTEHP-XT€HPlIIlI~lXTEHPlIll- 

60 TO 57 
I F  IPOINT.Eb-I) GO TO 61 . .  

68 CONTINUE 

61 CALL  POUT2 i N K ~ O T E M P ~ O P R ~ S ~ O R M l . r O ~ H O V ~ O S ~ G M ~ O X L A H ~ O X M U L ~ O X M U V r C A M  
5 7  CONTlhUE 

l M A ~ ~ M Y ~ N ~ R I T r 0 l H C L I P O I N I r L S U P P ~  

I F  1ltMP.LE.lHAXi GO TO 99 
I F  IPOINT.EQ.Ii GO TO 10 

60 T O  62 
34 AI-XlEMPIli 

AZ*XTtHPlHMl 
I F  1PUlNl.EQ.li GO 10 55 

60 TU 66 
TEMP-0.L 

55 WIN-0.0 
TMAX=O.C. 

63 I F  IUN!IS.N€.Zl GO TO 62 
6b CALL  POL13 IAlrA2.HO~IT~~lriiTS~~OlHT~TEMP~THlN~T~~X~~UUl) 

IF iNERIT.NE.Oi GO  TO 62 
N O R l l = l  

GO TO 65 
I F  IPOINl.NE.ll GO TO 31 

62 RElURN 
EN0 

L S l C H r O X H U L ~ O X M U V r T E ~ P ~ O P ~ E S r X M W ~ G ~ M ~ A l  
SU8RUUlINE AMMOW lLSUPPrLWT~N8RlTrPOIRTrUNI lS~ORHOL~ORHW~OXLAM~O 

DIHENSIOW X M U L I 3 0 1 r X ~ U V i 3 O I ~ H O l 2 ~ Z l ~ X L A M O l 3 O i r U X M U L l ~ l r O X H U V I E l  

UIMENSIUN O T H C L 1 8 1 ~ ~~XLAMIdltOTEHPlElrOPR€SI~~~ORHULI~i~ORHOVi~l 
DlHtNSIUN X T E H P i 3 O ~ r P R E S S 1 3 0 l ~ R H U V o O ) . R H O L o . S I G M A i 3 O l  

OIHENSIOH  OSICMlBlrlHECLi3Dl 
I N l f ! , l R  POINI,UNllS 

16 F I J R I I A l  ( ' 1 '1  
I 5  FlJdMAl 111' NOTE INPUT  TEMPERAWRE RANGE HAS BEEN ADJUSTED*J 

HH-24 

Y B R I T = O  
1'1D=U 

GAHPA=1.31 
XHY-11.0 

_ ......._.""" . . . . . . . . . . .  _._._I_ - 



IINO-1 
I F  ILSUPP.GT.1I GO 10 12 

30 FORMAT 110131 
I 2  I F  IPOINT-1) 31.32~31 
32 IF 1IBRIl.EO.Il GO TO b4 

IF 1LSUPP.CT.lI GO 70 64 

~ E A O  i 5 . 3 0 i  POIWT.UNITS 

REAO 15,331 7EMP 
33 FORMA1 I IF10 .4 l  
64 IF llEMP.Ll.XT€MPIIIl GO TO 34 

GO TO 1 1  
I F  lTEMP.Cl.lltMPlMMll GO 10 34 

I F  INBRII.NE.1I GO TO 5 
lMlN~llMIN*4~9.671.5.019.0 

31 R E A O  1 5 ~ 3 3 1  lMIH.IMAX~O1 

" ... . . . . . . . .  ..... " 



--I 

~ X M U L l K l ~ X H U L l l l l t l X M U L l l l l - X M U L l l U l l * l l F M P ~ X l ~ M P l l l l l / l K ~ ~ M P ~ l l ~ ~  

L'XMUVIKI~XMUVIIIl~IXHIlVlIIl-XMlIVlIUll*lItMP-XIFMPIIIII/lXIC*PIIII~ 

IF IPUlNT.EP.11 GO 111 bl 

1XTLMYlIOl I 

IXTtMPIIOIl 

tin IU 5 7  
b e  CONTIkUE 
51 CONIINUE 
bl CALL POUT2 l ~ K r O T E M P ~ O P R E 5 ~ O R H O L ~ U R H O V ~ O 5 ~ G M ~ O X L A M ~ O ~ M U L ~ U X M  

1 U V ~ G A M P A ~ X M Y ~ ~ B R I I ~ O T H C L ~ P O I N l ~ L ~ U P P ~  
I F  IPOINT.EO.1I GO IO 10 
I F  ITEMP.LE.TMAXI GO TO 99 

10 IF lH8RIT.NE.OI GO TO 6 2  
N0RLT=l 

GO TO 62 
IF lUNIl<.EO.Zl GO 10 12 

35 Al=XlEIPlIl 
AZ=XlEMPIMMl 
IF (POINT.EO.11 GO T O  55 
IEMP-0.0 
GO TI1 6 b  

5 5  THln-o.0 
TMAX=@.O 

66 CALL POUT3 l A 1 ~ A 2 ~ N E R I T ~ U N I T S ~ P O I ~ T ~ l E ~ P ~ T ~ l N ~ T M A X ~ L U U T l  
63  IF IUNIlS.NE.2l GO TO 62 

IF INERIT.NE.Ol GO TO 62 

Ib 
15 

. "" 

1 S I C M ~ O X M U L ~ O X I I U V ~ T E M P ~ O P R E S ~ X M b ~ G A M M A l  
SUBROUTINE METt4A ~ L S U P P ~ L O U T ~ N B R l l t F O l N l ~ U N I T S ~ O R H O L ~ O R H O V ~ O X L A M ~ O  

OIMEhSIOH X M U L 1 3 O l ~ X M U V l 3 0 1 r H O l 2 ~ Z l ~ X L A M O l 3 O l ~ O X M U L l ~ l ~ O X M U V l E l  
DIMENSION X T E M P l 3 0 l ~ P R E S S ~ 3 0 l ~ R H O V l 3 O l ~ R H O L l 3 O l ~ S I G H A l ~ O l  
OIMENSION O l H C L l B l ~ O X L A M l B l ~ O T E M P l ~ l ~ O P R E S O . O R H U L ~ B l ~ O R l i U V l f l l  
DIMENSION OSIGIII8I~THECLl301 
INIEGER POINI.UNITS 

. -  

IF ILSUPP.Gl.11 t o  T O  12 
A E A O  15.?,1 PUINT.UN1IS 

30 FORMAT 11013) 
12 I F  IPGINT-11  31~32.31 
52 iF l!lERlT.EO~ll GO T O  64 

IF ILSIlPP.Cl.1) GO TU b4 
R E A 0  1 5 r 3 3 1  ItMP 

33 FORMAT I0F10.41 
b4 IF (IEl4P.LT.XTEMPllll GO TO 34 

IF ITEW~GT.XlEMPlMMll GO TO 34 
GO TO 1 1  

TMlM=lTH1M*459.6~l*S.0/9.0 
IF  INBRIT.NE.11 GO 10 4 

TM~X=IlMrXt~59.671*5.0/~.0 
UI=OT*5.0/9.0 

S IF 17HIN.ti.XTt".'lMMll GO 10 3C 
I F  l T M A X ~ L l ~ X l E M ~ l l ~ l  GO TO 35 
I F  lTMIN.Gt-XTtMPlIIl GO TO 43 
INO-1 
T M l N = X T E M P l l l  

IN011 
IMAX*XTEMPIMMI 

44 TEMF=TMlN 
11 CALL P O U I l I H ~ ~ X M Y ~ T M E L l ~ I O O I L ~ T C R I l ~ P C R l T ~ N E R l T ~ G ~ H H A ~ L ~ U P ~ l  

11 r .wo 1 5 , 3 3 1  IMIN.TMLX,OT 

53 IF II~AX.LE.lIEtIPIMMll GO 10 44 

IF IPJlhT.NE.1) GO IO 20 
I F  lItkP.Ll.XTfMPI1ll GO TO b3 
IF Il+MP~Gl~XltMPIMMlI GO 10 63 

IF l l M l N ~ ~ l ~ X I E M P l M M l l  GO T O  IO 
IF ll~AX.LI.XlLMPI1ll GO TO IO 

HII ITI  16~14i 
N H l l r   l b v 1 5 1  

20 IF IPOINT.EO.1l GO TO 21 

21 I F  1 I r i O . F O . O I  1.0 TO 14 



14 
46 

4 5  
9v 

88 

59 

bo 

'u 
;7 

u1.0.0 
I F  I C O l N I - l l  45.46.65 

I t R P = l t M ? - 0 1  
I M A X s I E R P  

uo 51 K-1.n 
vcmp=Ic)rptrn 
I F  IK.NE.11 GO 10 8 0  
l F  I I E R P . G ~ ~ I M A X I  GO IO b 3  

hK*K 
I F  l I E M P . G I ~ I M A X I  GO 10 b1 

00 6 U  I=NINOICR 
I F  I X l E R P I I I - T E M P I  68.59.bO 
11.1 
OTEMPIK I -TEMP 
U P R E S l K l = P R E S S l l I I  
URHOLIK 1-RHOL I I I I 
O R H O V I K l = R H O V I I I l  
U S l C R I K l = S l G M A l l l l  
U X L A M l K l = X L A M O I l l I  
J X X l L l K l - I M U L I l I l  
O X R U V I ~ l = X M U V I I I l  
O T M C L l K l = l R E C I  1111 

GO IO 5 T  
I F  l P O I l t T . E P . I l  GO TO b l  

I F  ll.EO.11 GO 10 59 

10.1-1 
11-1 

I I l - X r E M P I I O I I  

1 1 1 - X T E R P I I U I I  
, OXLAMlKI=XLlMOlIIl*~XLAROlIIl-XLAROlIOll*lTEMP-XlERPlllll/lXTERPlI 

OXMULIKI~XMULlIIl*IXMULllIl-XRULllOll*llEMP-XlERPlllll/lXlEMPl~ll- 
I X l E R P I I O I l  

L X T E R P l I O l  I 
OXMUVlKl~XRUVII~l*llrM~lVllII-XRUVlIOIl*lTERP-XlERPlIIIl/lXTEMPlIII- 

GO 10 51 
I F  I P O I N l . E Q ~ 1 l  GO TO b l  

b8 CI"1lNUE 
57 C I J W I N U E  
61 CALL POUT2 ~ N K ~ O l E R P ~ O C R E S ~ O R H O L ~ O R M O V ~ O S I G M ~ O X L A R ~ O X R U L ~ U X M U V ~ G A M  

1 M A ~ X M U ~ N O R I l ~ O T H C L ~ P O l N T ~ L S U P P l  
I F  iPOINT.EP. l l  60 IO 10 
I F  IIERP.LE.IRAXI GO 10 9P 

10 I F  INBRll.NF.Ol GO T O  62 
N O R I l = l  

GO TU 62 
I F  lUNITS.EQ.?l GO 10 12 

34 A I - X I E M P I 1 1  
A 2 = X I E R P l M M I  

!, 
. .  ., I 

. .  
. ,. 



0 
N 
w 
w 

64 
3 3  

3 1  

5 

43 

44 
11 

20 

21 

46 
14 

*S 
99  

59 

60 

. I F  1LSUPP.GI.II GU 10 64 
I F  1 X B f i l I . E U . l l  ill Ill 64 

R t A O  1 5 r 3 3 l  l t H P  
FORMA1 IttF10.4I 
I F  I l E M P . L l . X T t H P l l ~ I  GO IC 34 
I F  I l E M P . S l . X l F H P I M H I l  ti0 1U 34 
till 10 I 1  
# E A 0  1 5 r 3 3 1  I H l N ~ T M A X ~ O l  
I F  ( N 8 R l T . N E - l l  GO IO 5 

I M A X = l T H A X + 4 ~ P . ~ 7 I * S . O / 9 . 0  
1MIN=llMIN+459.6?1*5.0/~.0 

OT-O1*5.0/9.0 
I F  I T M I N ~ G T ~ X I E M P I H M I I  GO TO 34 
I F  I T * A X . L T . X l t M P l I J I  GO TO 34 
I F  I T H l N . G E . X T E M P I I l I  GO I U  43 
INO-1 
T M l N = X T E H P I I l  

I N 0 1 1  
I F  1lHAX.LE.XTEMPIMMlJ GO IO 54 

lMAX=XTERPI I (MI  

C A L L  POU~l(HO~XHY~THELT~l8OlL~TCRlT~PCRllrNBRIl~GARMA~LSIIPP) 
TEMP=TI I lN  

I F  lPUINT.NE. l l  GO 10 20 
I F  1TEHP.LT .X IEHPl I I I  GO TO 63 

I F  l lM IN .GT.X lEHPIHMI1  GO TO 10 
I F  I lMAX.LT .XTEMPl I ) l  GO TO IO 

Y R l T E  16*16I 
I I  IINO.EC.OJ GO TO 14 

Y R l T E  16.1s) 
I F  I P O I N T - I 1  45.46*45 
DT=O.O 
I M A X = I E M P  

00 57 K=I.8 
TEHP=TEHP+OT 
I F  lK.NE.11 GO TO 88 
I F  1TEMP.Gl.TMAXI GO TO 63 

NK-K 
IF 1 1 E M P ~ C . l ~ T M A X ~  GO TO 61 

00 68 I r N l N O t H M  
I F  I X l E M P I I l - T E M P I  68*59*60  

O I E M P l I : l = l E H P  
11.1 

OPRESIK I -PRESSI  II J 
U R H O L I K I = R H O L I I I l  

U S I G M I K I - S I G H A I I I I  
O X L A M I K l ~ X L h t ' D l I I J  
U X R U L I K I = X M U L I I I )  

U T H C L l K I = T H E C L l I I l  
U X M U V l K I = X M U V I I I l  

I F  IPOIN1.EO.II ti0 10 61 

I t  1I.FU.ll r.0 T O  59 

1@;1-1 
11-1  

I E M P - I E R P - 0 1  

U h ~ ! O V l K ) . R H O V ( I I )  

cu ro 5 1  

U l E H P l K l = I E H P  
l ~ P ~ E ~ I K l ~ F X P l l I A L U C I P R E S S I I I ) I - I L O G l ~ R E S ~ l I O l t ~ * l E M C * I X T E M P l I I l * A L  

I l ~ H O L l k l = I . X P I l I A L U G I  kHOLl I I I l -ALf lG l  RHULllUIlI*lEMP*lXTEHPllll*AL 

U H H O V l K l = L X P l l ~ ~ L U G 1   R H U V I I I I I - A L O G I  R H ~ V I I O I l I * l E M P * I X T E ~ ~ l l l ~ * A L  

UTI~CLIKl~THECLIIII*l~HECLlill-IHECLIlUll~llFhP-XTEHPIIIIl/lXlEMPII 

O S l G M l K l = S I G ~ A l I I I + l S l G ~ A l l I l - S l G M ~ l l U I l * l T E H P - X l E ~ P l l l l J / l X T E M P l l  , 

UXLAMiKI~XLAM0111l+lXLAHCilll~XlAHOllOll~llEHP-XTE~Pfll~l~lXlEMPll 

U X M U L l ~ l ~ X ~ U L l l l I * l X R U L l l l I r ( l E M P - X l E M P l l l ~ l / l X T E M P l l l ~ -  

O X M U V I K I ~ X ~ U V I I I l + : X H U V l l l l - X M U V l l O l l * l T E M P - X T E M P ~ l l t l / l X T E ~ P l l l l -  

I F  1PUINT.EP. I l  GO TO 6 1  
GO T O  5 1  

68 CONTINUE 
57 CUNTINUE 
61 CALL  POUT2 l N K ~ O T E ~ P ~ O P R E S ~ O R H O L ~ O R H O ~ ~ O S l C M ~ O X L A M ~ O X H U L ~ O X M U V ~ C A M  

l~tlP~ESSlIOlI-XlEHPllU~*~LOGlPRESSlllllIl/lXltMP!lll-XlEHPllUlJt 

ILICI R H f l L l I l l ~ l - X l L H P I I U I * A L U G l  RHULIIIlIlI/lXTtMPlIlI-XlEHPlIOlII 

LUG1 ~ H f l V l I f l I I - X I L H P l I D l * A L O G l  RHOVIIIJlII/IXlEMPIIlI-XlFMPll0l~~ 

I I l - X l t H P l 1 O I I  

1 I I - X T E H P I I O ) I  

1 1 ) - X l t M P I I U l J  

l X T t R P l l O l  b 

I X l E M P I I O l I  

I H A ~ X M N ~ N B R I T ~ O T H C L ~ P O l N T ~ L S U P P I  
I F  I P O I N T . E P - I I  GO TO 10 

10 I F  IN8R lT .NE-OI  60 TO 62 
I F  1;EhP.LE.TPlX) GO TO 99 

N B R I l = l  
I F  IUNITS.EO-2 l  GO TO I 2  

34 A I = X T E H P I I l  
GO  IO b 2  

A2.XTEMPlMHl 
I F  IPOINT.EO.II GO TO 55 

GO TU 66 
TEHP=O.O 

55 1HIN-0.0 

N O R I T = I  
I F  I P O I N l . N E . l l  GO 10 31 

62 KETURN 
GO T O  64 

EN0 

. .  

' !  

. I  

. ,  
. I  

I S l t i H ~ U X H U L ~ U X H U V ~ I E M P ~ O P R E S . X I I Y I G I I A I  
SURROUTINF  FREZI  I L S U P P ~ L O U 7 ~ N ~ R l T ~ P O l N T ~ ~ l I S ~ O R H O l ~ O R H O V ~ O X L A M ~ O  

U I H E N S I O N  X H U ~ 1 3 0 I ~ X M U V I 1 O l ~ H O ~ Z ~ 2 I ~ X L A M O l 3 D I ~ f l X M U L l 8 l ~ O ~ ~ U V l ~ J  
U I H E N S I O N  X T E H P l ~ O I r P R E S S I 3 U l ~ R H O V l 3 O l ~ R H O L l 3 O l ~ S I G M A l 3 O ~  
O I M E N S I O N  O T H C L I B l r O X L A M l ~ l r O T € M P l B J ~ O P R E S l 8 l ~ O R H O L l B ~ ~ O R H O ~ l 8 l  
UlHE.YSION U S I t i H I U I ~ l H E C L I 3 0 1  
I N T E G t R   P f l l N l r U N l l S  

I 6  FlldMdI 1 ' 1 ' 1  
15 FURMAI 111' NOTt  INPUT  1EMPERAfURE  RANGE HAS B E E N   A D J U S l E C ' I  

#!Ha14 
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.. . 

GU IO 5 1  
bo C O N I I W E  
51  C i J N l I N U E  

10 I F  I N B U l l - N E . 0 1  GO TO 62 
I F  1lERP.LE.lNAXI GO lfl 9 9  

# d l ( l l = l  

GU l U  b2 
I F  IUNllS.FO.Zl GO 10 I2 

34 A l - I l E M P I I l .  
A 2 = X l t M P I M R l  

IEMP-0.0 
I F  IPOINJ.EO.11 GO 10 55 

GO TO bk 
I F  IPOlNl.NE.1) GO TO 3 1  

6 2  R E l U R N  
EN0 

20 I F  i P O I t ~ ~ . E O . l l  GO 10 2 1  
I F  l l t M P ~ G ~ ~ X l E M P l M M 1 1  GO 10 6 3  

I F  I l M I N . G l ~ K l E M P l R W l l  GO 10 1 0  
I F  I l l r L X . L l . X l t l l P l l ~ ~  GO TO 10 

2 1  I F  IINO.EO.OI GO IO I 4  
URl 'L  16.161 
Y R I T E  16vI~l 

14 I F  I P O I N T - I 1  45146.45 
46 UT=O.O 

l M A K = l E M P  

99 UO S? K-1.8 
45 TEMP- IENP-D l  

l E R P - l E M P I U l  
I F  IK.NE.11 GO 10 88 

E O  I F  l lEMP.Gl. lMAX1 GO TO 61 , 

I F  l l E ) I P . G T . l ~ A I I  GO TO b3 

NK-K 

U P R E S l K I ~ I E X P I 9 . 9 O 3 1 ~ S - l O 9 l O . O b / l ~ M P - 6 ~ b Z 3 l . 9 / l E M ~ * O 2 ~ 1 * l O . O O * 5  
C l E M P I K l = T E N P  

U R H O L l K l - l l ~ 0 1 ~ b 3 8 - O ~ O O O 2 3 5 O 4 4 5 * T E M ? - O . O O O @ ~ G O O O 9 E 6 l O 4 E * l E ~ P * * 2 ~ ~ I  

ORHOVlKl~ lEXP11.000185- lOl29. lb / lEMP-51)469.O/ lE~POO21lOlOOO.  
lF - l .b * IEMP-459 .61  
V1HCLIKl-~1~4298-0.000~1~9~01F*0.000000l112?01~002-0.00000000003~b 

US:GMlKl~121@.0-0.091~~FHPl~0.001 
U X L A N l ~ I ~ 1 4 1 7 8 . L 4 9 * 0 ~ 2 0 2 9 8 4 1 * T t M P - 0 . 0 0 0 4 7 b 5 9 b 4 ~ 1 ~ H P ~ * 2 ~ * l 0 0 0 . 0  
~ X ~ U L 1 K I ~ 0 . ~ 9 1 * E X P 1 1 5 1 7 . 0 / 1 1 E M P * 1 . 9 E S 9 l l / 1 0 . 0 * 0 4  
U~MUVIKl~10~0000105571*0.000~0015E190b*~CMP-0.0000000000193U13~*1~ 

I F  l ~ O l N l ~ E O . l l  GO IO 61 

10.0.03 

133*lF**3I*7O.U7 

INP**21*0 .1  

5 ?  COHl INUE 
61 C)LL P O U l Z  l Y K r O l E M P ~ O P R E S s O R ~ O L ~ O R M O V ~ O S l G M s O X L A H ~ O X M U L ~ ~ ~ M U V ~ G A H  

L M A ~ ~ N ~ ~ N ~ R ~ ~ ~ O ~ H ~ L I P O ~ N ~ ~ L S O P P )  
I F  I P U I H I . E O . l 1  b ~ !  10 I O  
I F  I I t M P . L E . l N 4 X l  GO 10 9 9  

IO I F  INbkl l .Nt .O!  GC 10 b2 
kHRll-1 
YlHO.1 

*. 

. 



:.8nll=l 
IF IPOINT.NE.1l  GU T O  3 1  
ti0 I U  65 

b2 WEIURN 
' c N 0  

I S I C M ~ O X H ~ ~ ~ O X M U V ~ T E U P ~ O P R E S . X M U ~ ~ ~ M H A I  
SUEROUI INE  POTAS I L S U P P ~ L O U T ~ N H R I T ~ P O ! N T ~ U N l l S ~ O ~ H O L I O R H O V ~ U X L A M ~ f l  

O l H F N S l O N  ~ 0 1 2 ~ 2 1 ~ X I E M P 1 2 l r 0 1 H C l l 8 l ~ O K ~ A M l ~ l ~ O T E M P l ~ l ~ O P W E S l 8 l  
OIMENSION ORHOLl8lrORHOVIEI~OSltiMlOl~OXMU~lEl~OXMUVlEl 
I N I E G E R   P O l ! t T ~ U N l T S  

15 FORMAT I / /* NOTE  INPUT  ILMPERATURE RANGE HAS BEEN  AOJUSTEO' I  
I 6  FORMAT 1'1 '1 

MM-2 
INO.0 
lORll=O 
GAMMA=5.0/3.0 
a ~ w - 3 9 .  I 

TMELI-336.9 
1CR11=2300 .~0  

PCRll.O.0 
160IL=1031.2 

C A T A  lXTEMPIIl.I=l~2I/336.9.19OU.C/ 
D A T A  IhOllrlI~I~l~ZlrHOI1~21/911P01ASSIU'~~lHX/ 

NIWO-1  
I F  I LSUPP.C l . I l  GO IO 12 
RFAO 15.301 P O l N l r U N I T S  

30 FORMLT l l O 1 3 l  

32 I F  IHDRIl.EQ.II GO TO 64 
12 IF I P O I W I - 1 )  31r32.31 

I F  I L S U P P . t l . l l  GO TO b4 
REAO 15.331 r E w  

64 IF I I E M ~ ~ L T ~ X I E H P I I I I  GU 10 34 
33 FORMAT lUF10-4l 

IF l T tHC.GT.X lEMPIMMI l  :O i o  34 . 
GO 10 11 

IF lMBRIl.NE.!I GO IO 5 
I M I M ~ 1 ~ M 1 N t 5 ~ 9 ~ 6 1 l * 5 ~ 0 / 9 ~ 0  
lHAX=lIMAXt559.61l*5.0/9.0 
OT*01*5.0/9.0 

31 R E A 0  15,331 IHIN.IMAXIDT 

3 IF ( I M I Y . G I . X I L M P I M M I 1  GO TO 35 
IF I I M A X . L I . X T F M P I I I l  GU IO 34 
I F   l l M l M ~ G E ~ X l t M P l l l l  GO TO 5 3  

I R I N - X I E Y P I I I  
l l : l l= l  

INO.1 
l U 4 X ~ X T t M P l M W l  

55 IEMP*IMIN 
11 C A L L  P C U l l l H D ~ X H ~ ~ I ~ F L l ~ l H O l l l r P C I I I . W I I l l ~ G A ~ H A ~ l S U ~ P l  

4 3  I F  I I M A X ~ L F . # I ~ M P I M M I I   C U  T!l 65 

IF 1PUlN l .NE. I l  GO IO 20 
IF I l t M P . L T ~ X l L h P I l l l  GO T O  63 
I F  I l t M P . ( i l . X T € M P l H H l l  GO 10 63 

I F  1 1 M l l J ~ l ~ T ~ X T t M P l M H l l  GC TO 10 
I F   1 I M A X . L T . X T E M P I l I l  GO IO 10 

Y R I T t :  Ibrlbl 
d R l T t  Ib.151 

2 0  IF 1PL INT.EU. I I  Ci) IO 21  

21 I F  IIHO.EO.OI GO TU I 4  

14 IF I P O I N T - 1 )  45,46945 
46 l11=0.0 

5 5  I E M P - l t M P - 0 1  
I M A X = I E M P  

99 DO 5 1  K=I,Ll 
TEWP=TEMP+DT 
IF IK.WE.11 GO 70 88 

88 I F  l lEMP.GT.TM4Xl 40 70 bI 
I F  IltMP.CT.IMAXI GO 10 b3 

NK-K 
O l E M P I K l * T F M P  
~PRFSIKl=1EXP19 .191~63-~030 .~92 /1EM?-43303E.0 /1€MP**2 l~~10 .0*~5  
O R M 0 L l K l ~ 1 0 ~ 9 0 8 3 5 1 8 - 0 ~ 0 0 0 2 ~ 5 4 5 3 4 * T € ~ ? - 0 ~ 0 0 0 0 0 0 0 1 ~ 1 5 6 1 1 * 1 € M ? ~ ~ 2 1 * 1 0  

URHOVtKl=lEKP10.8135l~2-824l.l5/TEM~-~Z6986.l/lEHP**Zll~lOOO.O 
l F ~ I . 8 * T E M P - 4 5 ' + ~ 6 7  
@THCLI I l~10~9bb89-0 .00~41905~~F*0.00000013170~1F~*2-0 .0000000000~4 

0SIGR1~l-l14~90.0~I0.00840~9-0.~00002E149~TF!l*0.001 
UKLA~lKl~12ib9.079-0~13185~5*1EHP-0.000200~039*1€HP*~~l~1000~0 
U X M U L l K l ~ I ~ 0 ~ 0 0 0 4 3 9 U S O 6 ~ 2 ~ O ~ H ~ 5 Z ~ T ~ M ~ - 5 4 l ~ O ~ 4 ~ ~ l t H P ~ O Z * l 6 4 ~ E O ~ 5 ~ T E  

0XMUVl~l~10.0000~810095~0.00000019E2508~~€HP-0.0000000000~52833~1€ 

IF IPOINT.EQ.lf GO TO 61 

100.0 

188C*1F**3l*70.81 

lMF*+3 l*O- I 

IMP**Z l *O . l  

57 CONTINUE 
61 CALL POUT2 l N K ~ O T E M ~ ~ O P R E S ~ O R H O ~ ~ O R H O V ~ O S l G H ~ O X L A H ~ O X H U l ~ O X ~ U V ~ G 4 M  

1M~~XMY~NBRIT~OlHCL~POlnr.LSUPPl 
I F  I D O I H I ~ E O ~ L ~  GO TO IO 

13 I F  IHBRIT.NE.OI GO TO b2 . 
I F  lTEMP.LE.lUAXl GO TO 99 

kBRI1-1 

I F  IUNITS.EP.21 GO :9 12 

34 A I - X I E M P I I I  
GO I U  62 

A 2 = X l t R P I W l  
I F  IPCINT.EO. I I  GO 10 55 
IEMP=O.O 
GO r l l  66 

55 IMlN=O.O 
lUAK=O.O 

w n o - 1  

. . . . . " . - . 



c, 
'? w 
-4 

I F  IltMP.Ll.XItMP1Ill GO I O  63 
I F  l l ~ ~ P ~ G l ~ X l E M P l M M l l  GO TO b 3  

I F  llMlN.GI~XlEMPlMMl1 GO 10 10 
I F  IIMLX.Ll.XltMPllI1 GO 10 10 . 

Y A I I I .  16.151 
Y K I l t  16,151 

20 I F  lPlrlNl.EO.Il GU 10 21 

ZI I F  1INO.tC-OI GO 19 14 

46 01-0.0 
14 1F IP(rlNI-.II 55.46~45 

45 IEMP-1EhP-01 
lMAX=lEMP 

9 9  UU 5? K - 1 ~ 8  

I F  IK.NE.11 GO 70 15 
lEMP=lEMP+OI 

I F  IIEMP.Gl.lMAX1 GO TO 63 
88 lr 11tMP.GT.THAX) GO T O  61 

k K = U  
OIEMPIuI=lEMP 
OPRtSIU~=1.01356*10.D**lk.883l-lEll.9flEM~~*~O.O**5 
U R H 0 L I K I ~ 1 0 . 5 ~ 6 3 9 8 - 0 . 0 0 0 0 9 3 8 1 ~ 9 9 * 1 ~ M ~ ~ 0 ~ 0 0 0 0 0 0 0 0 9 3 ~ ~ 1 4 ~ * ~ E M P * * ~ l * ~  

U R H 0 V l K l - l E Y P l 0 . 4 3 2 4 2 3 4 - 1 ~ 6 0 5 ~ 1 2 / T E l l P - 1 1 2 4 8 b 4 ~ 0 / ~ ~ ~ P * * ~ ~ l * l 0 ~ 0 * * 3  
IF=1EMP*9.0/5.0-~59.61 
OlHCL1K1=l0.+999B~O.OOO2799~*lF*O.OOOOOOO~Z5bS*TF**2-O.OOCOOOOOOO~ 

J5IGMlK1~1454.4948-0.13562~~*1€MP*0~000001615487*~€~P**21*0~001 
U X L 4 M I K l = I Z 6 3 9 0 . 3 - S . 3 Z ~ * I E M P * O ~ O O O 6 Z 5 ~ l E M P * * Z ~ * l O O O . O  
UXMULlKl=I0.002924347-2.658556flE~P+Z~~5.Zbl/lEMP**2-5~OZSl.4/T€MP 

UXMUYlK1-10~00003613~15+0~000000llb718~*1~MP-0~00000000001135025*T 

I F  lPUINl.EO.IJ GO TO 61 

10**3 

r4b06*1F**3I*IO.81 

1"*31.0.1 

I~MP*.Zl*O.l 

57 CONTINUE 
61 CALL POUT2 ~ N K ~ O l E M P ~ O P R E S ~ O I I H a L ~ O R H O V ~ O S l ~ ~ O ~ L A M ~ O X ~ U l ~ O X M U V ~ G A M  

1 ~ A ~ X M Y ~ N B R I T ~ O l H C L ~ P O l ~ l ~ L S ~ P P l  
I F  lPOIWT.EO.11 GO 10 10 
I F  IlEMP.LE.lM4Xl GO TO 99 

I O  IF INBRIl-UE.OJ GO TO 62 
!48111-1 
NINO-1 
I F  IUNIlS.EO.2l GO 10 12 

34 AI=IlEMPlII 
GU rz 62 

AZ*XI€MPIMMl 

ILMP~O.0 
I F  IPOINl.EO.II GO TO 55 

55 lMlN=O.O 
60 TU 66 

l M A X = O . O  
66 CALL POUT3 I 4 I ~ A 2 ~ N 8 R I T ~ U N l l S ~ P O I N T ~ I ~ M P ~ T M l ~ ~ l M 4 X ~ l O U l l  
6 3  IF IUhlTS.NE.21 GU 10 6 2  

#sHHIl.l 
I F  lNPRIl.NE.OI GU TU 62  

I F  IPI! INl.NE.! I  GO 10 31 
x T '  L 4  

LZ d l  luI(:l . , 

t qn 



IF ILSUPP.G:.Il GO TO 12 
READ (5~30) POlWTrUMlTS 

30 FORMAT 11013) 
12 I f  IPOINI-1) 31r32.31 
32 IF 1NBRlI.EO.II GO IO b4 

.IF 1LSUPC-CT.Il GO TO 64 
RE40 15.331 TEMP 

33 FORMAT llF10.41 
64 IF lIEMP~LT.XTEMPll~l GO TO 34 

IF IIEMP.Gl.XTEHPlMh11 GO TO 34 
GO TO 11 

IF I N B R l l ~ N E ~ l l  GO 10 5 
31 dE40 (51231 TMIN~TMAX.DT 

' ' TlAX=ITMIX*~S~.b71*5.Of9.0 
TMlW=lTHIN+459.67)*5.0/~.0 

OT=0T*5.0/V.O 
5 IF ITMIN.Cl.XTEMPIHM0) GO TO 34 

IF ITM4X.LT.XTEMCI1)l GO TO 34 
I F  lTMlN.GE.XTEMPi1)~ GO TO 43 

IMIN=llEHPIII 
I N P I  

I N b 1  
1 U A X ~ X l F l C I ~ M I  

41 I F  IIMAX.LE.XIEM?lMMlI GO TO 54 

3 
3 

44 TERP=IRlM 
I 1  CALL P O U l l l H O r X M Y ~ T M E L T ~ T ~ O l ~ r 7 C R l T ~ P C R l T r N B R l T r G 4 M M 4 ~ ~ S U P P l  

. . . . . . . . . . - . . . . . . . . 

IF IPOlNT.WE.1) GO TO 20 
IF IIEMC.Ll.XIEMPIItI GO IO 63 

C 

46 Or-0 .0  
14 I F  lYll!kT-ll *Sr46.45 

IMAK=IEMP 
45  ItMP-ItMP-DT 
99 ULI 51 Krl.8 

IEMP=lkMP+OT 

IF IIfMP.GT~lMAX1 GO TO 63 
I F  1R.NE-1) Gfl  TO 88 

811 IF  IIEHP-GT-TMAXI GU TU 61 
i(K=K 
UltMPlK)*TEMP 
UPREi~Kl~~lO~O**IlO~3735-33O8~O/TEMP-U~~*A~OGlOlTERPllt*l33~3~ 

UIHULlK~~ll4.3~176-0.OOZBblT66*TEMP*C.OOOOOO37634?S*TEMP**Z~*lOO~. 
U~HOVIKl~~EXP13~24349b-~559~O2/TEMP-6O7443~O/T~HP**2lJ*lOOO~ 
UlHCLCX~~10.1464d003+5O.O36~/T~MP-B2OOO.5/~EM~**2*32629SOO.O/~EMP* 

0SIGMlK1=14~7.6255+0.0013279*TElP-0.00024S1797~~~MP~*21*0.001 
UXL4MIKl~l-O.OZ4*1EMP*B3.lS6~~*4184.0 
U X H U 1 l K 1 ~ 1 0 . 0 U 8 0 3 6 5 ~ 7 - 3 . 1 9 B ~ 3 ~ / ~ ~ M P + 2 ~ 7 1 . 3 9 ~ / ~ € ~ P * * 2 - 3 5 4 ~ 0 ~ . 7 / ~ E H P  

0XHUVIIl~l0.00007143205*0.000000630029~~EMP+0.00000000033734~5*~€M 

IF IPOINI.EO.II GO TO b1 

LIQUIO-Htl4LS  HA~fCBOOK I A T O W I C  ENERGY  COMMISSION1 

I*3-45~6b10000.0/1PMP**41*10~.0 

1**31*0.1 

1Y*.2)*0.1 

57 CONTINUE 
61 CALL  POUT2 I N K ~ O T E M P e O P R E S ~ O R ~ L r O R H O V e O ~ l ~ M r O X L 4 M ~ O X M U ~ r O X M U V ~ G A M  

. .  

I M 4 ~ X R Y ~ N B R 1 I ~ O I H C L ~ P O I N T ~ L S U P P l  
IF tPOINT.EQ.lI GO IO 10 
I F  IT€MP.LE.TMAXI GO TO 99 

LO IF INBRIT.NE.01 GO TO 62 
NOY!l=l 
NIND-i 
IF IUklTS.EP.2) GO 70 12 

34 A l = K l t M P ( 1 3  
GO TO 62 

AZ-XItMPIRNI 
IF (POl(ll.EP.1) GO TU 55 

GO T O  6b 
TFMP=O.O 

SS TMlN=O.O 
TMAX=O.O 

6b CALL POUT3 I A I ~ A 2 ~ M ~ R l T r U W I T S ~ P O l N T ~ l E H P ~ T M l N ~ l ~ X ~ L O U l )  
63 I F  IUNlTS.NE-ZI GO TO 62 

IF (NBRIT.NE.O! GC Tn bZ 
NBRIT=I 
IF IPOIWT.Y€.lI GO TO 31 
60 IO L't 

62 RETURN 
FNO 

20 IF IPOINT.EO.II GO TO 21 
IF IIEMP.GT.XIEMPIMMlI GO 10 63 

I F  ITMIN.GT.XTEMPIMMl1 GO TO IO 
IF ITMAX.Ll.KlEMP~III GO 10 LO 

WRITE 16.16) 
Y R l T t  16.15) 

21 IF lINO.t0.01 GO TO I 4  

.I - 
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C.  3 VARIABLE  CONDUCTANCE HEAT PIPE ANALYSIS CODE IJSER'S MA2JUAL 
" 

C. 3.1 fntroduction 

This section  describes  the  utilizatiov of a drgital  computer code. far Vari- 

able Conductance  Heat  Pipe  Analysis (VCBPA). This computer  program  considers 

the  steady-state  performance of cold-wicked reservoir  gas-controlled  heat  pipes.  The 

reservoir and inactive  condenser  section are assumed  to be in thermal  equilibrium 

with  the  sink  temperature.  Flat-front  analysis is used  with  copduction  and  diffusion 

effects  being  assumed  negligible.  This  code  consists of the following analyses: 

0 Design  Analysis 

e Performance  Analysis 

In the  Design  Analysis,  storage  volume and gas  charge  requirements  are 

calculated  parametrically as 9 function of sink  temperature  range and alls..:.zble vapor 

temperature  range  (control  sensitivity).  The  Performance  Analysis  presents  a  pnra- 

metric  study of performance  for a system within  the  range of specified rnpximtirn con- 

ditiorz.  The  analysis and formulation of the  eqvations  used in the  program are  pre- 

3e:ited in  Section C. 3.2.  A general  description of the  program is presented in Section 

C. 3 . 3  along  with a description of the  program's input and output. Nomenclature is ' 

listed  at  the  end of this  section. 

The flow diagrams,  program  listing, and sample  problems are presented 

in the  Appendices. A listing of FORTRAN names wiLh enginee- .ng quantities is also 

included as an Appendix. 

c. 3.2 Analysis 

Figure C.3.1  shows a schematic of a cold-wicked gas-controlled  heat  pipe 

and its assumed  temperature  distribution. A steady-state  analysis  has  been  performed 

to  determine  storage volume  requireme-xs and performance within the  design  range. 

The following assumptions were made in performing  the analysis: 

! 

0 Flat  front analysis is applkable; i. e., thermal conduction 

a.nd mass diffusion  effects are negligible, 

C. 3-1 



Adiabatic Inactive 

Q 6 
Evaporator Active Condenser 

Figure C. 3-1. Schematic cf a Cold .7;ic...ed Gas-Controlled Heat Pipe 
a d  Its Assumed Temperature  Distribution 

. C. 3-2 



' '  0 . Thc  cnlire  condcnscr .length is active at the  maximum condition. 

0 Tho  cntirc  condcnscr is blockcd tit the minimum  condition. 

e The inactive  part of thc  condenser  and  the  reservoir are at the 

sink tcmperature To. 

The noncondensable gas obeys the  Ideal G38 Equation of State. 

Using these nssumptions, the following equations apply: 

0 Conservation ol' Mass 

0 Law of Additive'1':lrtial F re sa r r t s  (applicable to inactive  part of thc 

condenser and also the. storage volume) 

" 

pv - pv.0 + k'2.0 

Pv = 'v,r + Pg, r 

(Inactive  Condenser) 

(Kcscrvoir) 

Q Ideal Gas Equation of State 

(p V) =: (m R T) 
6 g 

c. 3-2 

I 

c. 3-3 

The above  cquations  yield  the  following  relationship: 

c. 3-4 
I 

where' V' is the volume of the vapor  space in the  inactive  condenser  at thc minimun~ 

condition. Thus  at the maxilnunl  condition: 
V, C 

At thc minimum  condition: 

c. 3-3 

c. 3-5 
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r 

The Design Andysis  consists of solving  Equations C. 3-7 and C. 3-8 for 

thc stor:lg:c volunlc  and gas charge  rcquircmcnts i lS  a function of the sink  tcmpcraturc . 

range and control  sensitivity A T The calculations a rc  performed  for a specified 

nonlinal  operating  tcnlperature A T and minimum sink condition T with 

rn:dmum  sink  tcmpcrature  as a parameter. For a giveli A T  .the muimum and 

lnininum  vapor  tempcratures arc: 

V' 

v, n 0,  min 

V 

C. 3-13 

Thc  control  range is decreased in nccortlancc with a spccificd A T  incrc.- 

lnent  until  the storagc  requirement  escceds n spccificd nxLximum or bccomcs neg:ttivc 

implying that a cold-wicked reservoir c:mnot provide thc desired  control. The nn:Ily- 

sis is rcpeatcd for successively  incrensing oink tcmper:lturc r:tngra vntil  thc n x L \ i n w n l  

specified  rangc is rcachcd. 

V 

In the Perfornlnnce  Analysis,  the hcat transport  is cxlcl;lntccl as n function 

of v:cpor and sink tcn~pcrnturc . Pcrformnncc  calculations ai.c [JCt'fOrttlCd for :I spc- 

cific design @ascd OR Equation C .  3-7). for a spccificd nc'ccptnble control r:lngc T 

m d  Tv, min* and for specified  cxtremc  sink  conditions T and T In the 

event  that  the  specified  control  range crrnnot be ~ccommod~tcd  with n cold reservoir 

system (i. e. , Vr/V;, c <  O), the rangc of vapor  temperatures is incrcnscd by n I°C 

increment and this  process is repented  until  control  can be obtained.  Once  thc stor- 

age  rcquircment has been determined,  the  nnximum  required  condcnscr  conductnncc 

is calculated from Equation C .  3-10 nnri the  parametric  analysis is initiated lor 

v,lll:L\ 

0, I n L Y  0, n)  in' 

GZTlaS 

the minimum sink condition. At a give11 sink  tempernturc, Lhc hcat  transport 6 is 
calculated for increasing  vdues of vapor  tcmpernture  above the mininlunl  specified 

value  until  the  condcnscr. is  fully active (i. e . ,  r) = 1). The  analysis is then rcpcntcd 

for successively  increasing  vdues of sink tcmpcrature  until  thc specified nnximum 

sink  tcmpcraturc is reached. 
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Table C. 3-1. Input Data Description 

Input 
C3 rd Fortrsn 
- No. Format  Name  Description 

1 ZAG HDl Headings  (working fluid) 
HD2 

2 2AG HD3 
HD.1 

Headings (non-condensible gas) 

3* - CONTRO NAMELIST group  name 

integers MORE Contrcl  Point,  intcger = 0 for  last  case; 
otherwise  integer = 2 

Control mint,  integer = 2 for both 
design and  perfornlalrce analyses; 
otherwise  integer = 1 

LC 1 

Contra1  Point,  integer = 2 for  perfor- 
mance  analysis;  otherwise  integer = 1 

LC 3 

1* - D A  T AIN NAMELIST group name - 
0 

K 

0 K 

K 

K 

0 

0 

0 
i< 

K 0 

0 K 

N m/kg OK 

W 

Floating TOMAX 
Point 
Constants TOMIN 

Maximum sir& temperature 

hfinimum sink tcn~perature 

DTO Increment of the sink temperature 

TVMAX hiaxidmum vapor  temperature 

TVMlN Minimum v a p r  ternpersture 

DTV Increment of the  vapor  temperature 

DDTV Operating  temperature  control  range 

Gas constant of Jlon-condensible gas 

Maemum heat transport 

RG 

QMAX . 

VRVC Maximum allowable  ratio of % !servoir 
volunle to condenser void 

* Start  with a $ in column 2 followed immediately by NAMELIST group  name. New 
data follow and are ended  with $. 
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NOMENCLATURE 

Description  Units 

Heat rejection  area  per unit length of condenser mi /m 

Thermal conductance 

Heat tramfcr  coefficient 

Active length of condenser 

Mass of non-zondensible gas 

Pressure 

Hen: trwsport 

-.Gas constant of non-condcnsible p ~ s  

Tempcrnture 

Volumc 

Condenser 

Effective 

Non-condensible gns 

Maxinuin> condition 

Minimum condition 

Sink 

nescrvoir 

Vapor 

WPK 

W/OK mL 

m 

kg 

N/m2 

W 

N m/kg 

0 K 

m' 



Appendix A. Flow Diagram 

for the Variable Conductance Heat Pipe  Annlysis Codc 
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R€AD NAMELIST READ NUlELlST OTUAX = - 
CONTROL CARO PERTINEWT DATA Tourn - DTO 

INDICbTOR OH 

CALCVLATED 

I 

CALL  DAC FOP VARXI 
DTV * 

DTVM&X+DDTV 
PRESSURE l3 CALC O T Y W  

rv,/v,) a (rnlv,) 

A 

f 
I 

CbLL O K  F04 VbPOR 

TCMAX=  T0MC.X-I 
PRESSURE 8 CALC ' d -  

l 
I V , ~ V , I  

I t 

I I 
i 

CALL OCA FOR VAPOR 

Tv;  T d  t D T  J PRESSURE 8 CALC r u a o  

A 
0 

C.3-12 ? 
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Fortran Nnmc 

OUT 1 

OUT 3 

OUT 3 

CONTROL 

MORE 

LIQUID 

LC 1 

LC 2 

DA TA  IN 

TOMAX 

TOMIX 

DTO 

TVMAX 

TVMIN 
* 

Description 

Operating  temperature  control  range (AT,,) 

Reservoir - condenser volume ratio (Vr/V,) 

Ratio of the mass of the gas to the  condenser 
volume (m/v,) 

A NAMELIST group  name 

Control  Point,  integer = 0 for last set of d a h ,  
otherwise  integer = 2 ' 

Control  Point, t y p  of working  fluid 

1 Hydrogen 
2 Nitrogen 
3 Oxygen 
4 Water 
5 Ammonia 
6 Methanol 
7 Acetone 
8 Freon-21 
9 Sodium 
10 Potassium 
11 Lithium 
12 Mercury 

Control  Point,  integer = 2 for b t h  Design  Analysis 
and Performance  Analysis,  otherwise  integer '# 2 

Control  Point,  integer = 2 for Periormance 
Analysis only, otherwise  integer # 2 

A NAMELIST group  name 

Madmcm  sink  temperature 

Minimum sink temperature 

Increment of the sink temperature 

Maximum vapor  temperature 

Minimum vapor  temperature 

C. 3-14 

Units - 
0 K 

" 

- I  

I..., i 

! 

0 
K 

. K  

K 

K 

K 

C 

0 

0 

0 

. 

1 

I 

! 

! 

i 
. - . . . . . . . . . . . . . .  



Fortran N ~ I I I C  

DTV 

DDTV 

13 G 

QhIAX 

VRVC 

HD1, HDB 

HD3,  HD4 

KOUNT 

LSUPP 

LOZJT 

TVN 

IND 

OTMAX 

NN 

M M 

DAC 

ARHOL* 
ORHOL 

ARHOV* 
ORHOV 

A =AM* 
O X L A M  

. Description 

Increment of the  vapor  temperature 

Operating  temperature  control  range 

Gas constant of the non-condensible gas 

Madnlum heir: transport 

hlaxinwm  allowable  ratio of reservoir volume 
to condenser  vapor volume 

Headings  (working fluid) 

Headings (non-condensible gas) 

Control  Point  for  calculations 

Control  Point for the  Property  Data  Acquisition 
Code 

Control  Point  for  the  Property  Data Acquisition 
Code 

Nominal  operating  temperature 

Control  Point for different analysis 

Sink temperature 

Control-number of calculations 

Control-numbzr of calculations 

Property Data Acquisition Code 

Liquid den:;i;;y 

Vapor  density 

Latent  heat of evaprization 

units 
-. 

OK 
0 K 

N m/kg OK 

w 

- 
- .  

- 
- 

- 

0 K 

0 
li 

K 0 

kg/m’ 

w s/kg 

* Data not  used in this program but  included as a general  format for calling up 
the Property Data Acquisition Code. 
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Fort.*~~n Name 

- ASCAT* 
- O s G M  

AXMUL* 
OXMUL 

A X M W *  
oxntuv 

P~'0hf.A 

XMW 

GA RIMA 

PVOMI 

VTD 

VThW x 

VTblIN 

PVXAX 

. PVMIN 

VCDVR 

VRCVC 

NNN 

N N P  

CTVMA 

c TVnn 

GhWX 

Description 

Surface  tensim 

Dynamic  liquid  viscosity 

Dynamic wpor viscosity 

Vapor  pressure' at the  maximum sink 
temperature . 

Molecular weight of the  working  fluid 

Ratio of specific he:.ts  of the working flu:@. 

Vapor  pressure  at the minimllm sink  temperature 

Increment of vapor  temperature 

Maximum vapor  tkmperature 

Minimum vapor  temperaturt. 

Vapor pressure  at  the maximum  vapor  tempera- 
t u  re 

Vapor pressure  at  the minimum  vapor  tcmpera- 
ture 

Condenser-reservoir  volunle  ratio 

Reservoir-condenser  volume  ratio 

Control-number of calculations 

Control-number  for  temporary  storage 

Maximum vapor  temperature 

Minimum v a p r  temperature 

Maximum thermal  ccnductance 

. .  

Units - 
N/m 

kg/m s 

kgjm s 

N/m2 

kg/mole 

- 
N/mf 

0 K 

K 0 

OK 

N/m' 

14 /m2 

- '  

- 
- 
- 

OK 

0 K 

W/OK' 

* Data  not  used in this  program  but  included a s  a general  format for calling up 
the  Property Data Acquisition Code. 
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i Fort ran Name . Description 

Control-number of calculations NA 

NB Control-number of calculations 

TO Sink temperature 

. Counter for calculations KT 

PVO Vapor pressure at sink  temperature 

Vapor pressart? 
, .  

N/m2 

N/m2 PV 

F 

Q 

Effective length m 

Heat transport W 

I 

C. 3-17 



Appendix C. Program Listing 

of the Variable  Conductance Heat Pipe Analysis 

! 
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Appendix D. Sample Problem 
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The  sample  problem  consists of determining  storage  volume  requirements 

(Design Analpis)  for  a given set  of sink conditions  and of predicting  the  performance 

(Performance  Analysis) within the  range cf these sink conditions  and  within  a  maximum 

acceptable  range of vapor  temperatures.  The  heat  pipe'working fluid is ammonia at a 

nominal  operating  temperature of  45OC, and the  noncondensable gas is nitrogen. The 

sink  conditions and maximum  control  range are specified as: 

To, max 308OK 

To,  min = 268OK 

Tv, max 328OK 

Tv, rnh = 308OK 

The  heat  that  must  be  dissipated  at  maximum  conditions (i. e. , TV, max 

ic  specified as: 
and To, max 1 

6 = 6 w  

and the  maximum  allowahle  reservoir  to  condenser  vapor  volume  ratio is: 

vr 
" 

V' - 50 
v, c 

The  calculation  increments a re  specified  as: 

ATV = l0C 

A. (ATv) = l0C 

A TO 
= 10°C 

The  associated  data  cards are  listed in  Table C. 3. D-1. The  resulting  computer  output 

data follow. The  results are also plotted  in  Figures C. 3. D-1 and C. 3. D-2. In Figure 

C. 3. D-1, the  storage  requirements are shown as  a  function of control  sensitivity  for 

various  sink  temperature  ranges. As indicated in the computer  printout, the cold- 

reservoir cannot  provide  control with the speclfied  volume  ratio at maximum sink 
j 

I 
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30 

25 

20 

15 

IO 

5 

0 5 IO 15 

Control Scnsitivlty AT,, ( " X )  

20 

I 

Nominal Vapor Ttmpernturo : 31S°K (113OP) 
Minimum Sink Tornperature : 268% ( 2 3 O F )  
Working Fluid : Arnlnoniti 
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330 

325 

320 

315 

3 IO 

305 

300 J 

3 2 4 6 8 

Heat Dissipated Q (watts) 

Fiairc C. 3. D-2. Performrirc A n d p i s :  Operating Tsnlpcrature 
Versus Heat Dissipated 

I 
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Table C. 3. D-1 List of Associated Datil Cards 

... , 

tenq.wratures  above 298%. The  results  from  thc  Performance  Analysis arc givrn i n  

Figure C .  D-2 which shows the  hcnt  pipe  opcrnting ter?lpc?raturc* T versus thc I m i t  

dissipttcd Q at different sink temper:lturcs. The nllou.ahlc vapor  tcmpcrnturc con- 

trol  rmgtt  hnJ to be tldjusted in order  to obtain con!rol  will1 n cold-rcscrvoir nt thc 

spccificd  cstrenlc sink tcmpcraturus.  This  ndjustnlcnt  is indicntcd on thc first p:~gc' 

of output data for thc Performance  Analysis. Also, thc c:llculstion incrcmcnt for thc 

vapor tcnlpcrature is adjusted  internally so that a? 1c;Ist si\ d:lt:l points arc' cnlrulatc~l 

for a giwn  sink  tcmpcrnturc. This i s  to guarnn!cc that  sufficicnt d:ltn is  :~v:Iil:lblc ft)r 

curvc plotting. 

v 
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